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REMARKS 



Applicants respectfully request entry of the amendments and remarks submitted herein. 
Claim 98 has been amended. Claims 98-105 are currently pending. Reconsideration of the 
pending application is respectfully requested. 

The 35 U.S.C. §112 Rejections 

Claims 98-105 stand rejected under 35 U.S.C. §112, second paragraph, as the Examiner 
asserted that those claims are indefinite for failing to particularly point out and distinctly claim 
the subject matter that Applicants regard as the invention. 

The Examiner indicated that claim 98 recites "said selected nucleic acid," which does not 
have sufficient antecedent basis. Applicants have amended claim 98 to remove the recitation of 
"said" in this context. In view of this amendment, Applicants respectfully request that the 
rejection of claims 98-105 under 35 U.S.C. §112, second paragraph, be withdrawn. 

Claims 98-105 stand rejected under 35 U.S.C. §112, first paragraph, as the Examiner 
asserted that those claims fail to comply with the written description requirement. Applicants 
respectfully traverse this rejection. 

The Examiner stated that in the instant case, the claims encompass a very large number of 
selected genes. The Examiner asserted that the specification described a representative number 
of genes expressed during embryonic development that can be effective targets, but that the 
specification did not identify genes not expressed during zebrafish embryonic development that 
can be effectively targeted using the claimed method. Thus, the Examiner indicated that limiting 
the claims to target genes that are expressed during zebrafish embryonic development would 
obviate this rejection. 

Although Applicants do not acquiesce to the Examiner's rejection, Applicants have 
amended claim 98 as suggested by the Examiner. In view of this amendment, Applicants 
respectfully request that the rejection of claims 98-105 under 35 U.S.C. §112, first paragraph, be 
withdrawn. 
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Claims 98-105 stand rejected under 35 U.S.C. §112, first paragraph, as the Examiner 
asserted that the specification does not reasonably provide enablement for the full scope of the 
claims. This rejection is respectfully traversed. 

The Examiner asserted that the claims are not enabled for reducing expression of any 
gene other than one that is expressed during embryonic development. As indicated above, 
Applicants have amended claim 98 to recite that the selected nucleic acid is "expressed during 
zebrafish embryonic development. . .." Therefore, the claims do not recite reducing the 
expression of any gene. 

The Examiner further asserted that the claims are not enabled for a reduction in 
expression that persists to larval or post-hatching stages. The Examiner asserted that as written, 
the claims encompass reducing expression until a stage that is long after the post-hatching stage, 
such as the juvenile to adult development stage. The Examiner stated that the duration of 
reduced expression does not appear to be assayed beyond 48 hours of development. The 
Examiner concluded, therefore, that since the art teaches that oligos are subject to dilution, it is 
considered unpredictable that the claimed oligos could inhibit the expression of such genes 
expressed in larval or post-hatching stages. 

The Examples clearly show that embryos were examined for reduced expression of the 
selected nucleic acid at various times post-fertilization up to and including 10 days post- 
fertilization. For example, page 39, lines 17 and 22 refer to zebrafish embryos through the first 
50 hours of development and 65-hour old embryos and 10-day old zebrafish. Specifically, page 
39, lines 24-28, discloses that "MO-based gene targeting was completely penetrant throughout 
the first two days, and potentially the first 10 days of development. Furthermore, MO-based 
gene targeting was completely penetrant throughout the critical vertebrate processes of 
somatogenesis and organogenesis in the zebrafish embryo." In addition, pages 40, 41, and 44 
refer to 3-day old embryos, "a period that includes all of segmentation and organogenesis in the 
fish embryo." See also, for example, Examples 10, 11, 12, 13, 15, 16, 17, 18, 20, 21, 22, 24, and 
26. Applicants have clearly enabled a prolonged reduction in expression of the selected nucleic 
acid using polynucleotide analogues. 

According to the Kimmel et al. reference (1995, Develop. Dynamics, 203:253-310; 
provided herewith), zebrafish embryos hatch at approximately 48-50 hours post-fertilization, and 
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by 72 hours post- fertilization, the zebrafish are larvae (see Tables 1 and 2 of the Kimmel et al. 
reference). Therefore, at 10 days post- fertilization, a zebrafish is in the juvenile stage. Claim 98 
has been amended to recite that the "reduction in expression of said selected nucleic acid persists 
at least to larval or post-hatching stages of development," which, based on Applicants' disclosure 
is clearly enabled, predictable, and would not require undue experimentation. 

In view of the amendments and remarks herein, Applicants respectfully request that the 
rejection of claims 98-105 under 35 U.S.C. §112, first paragraph, be withdrawn. 



Applicants respectfully request that claims 98-105 be allowed. Please apply any charges 
or credits to Deposit Account 06-1050. 



Fish & Richardson P.C., P.A, 
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Minneapolis, MN 55402 
Telephone: (612)335-5070 
Facsimile: (612)288-9696 
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Stages of Embryonic Development of the Zebrafish 

CHARLES B. KIMMEL, WILLIAM W. BALLARD, SETH R. KIMMEL, BONNIE ULLMANN, AND 

l^S^N^^^UnumnUy of Oregon, Eugene, Oregon 97403-1254 (CBX., SMX., B.U., TF.SJ; Department of 
Biology, Dartmouth College, Hanover, NH 03755 (W.WBJ 

ABSTRACT We describe a series of stages for 
development of the embryo of the zebrafish, Danio 
(Brachydanio) rerio. We define seven broad peri- 
ods of embryogenesis— the zygote, cleavage, blas- 
tula, gastrula, segmentation, pharyngula, and 
hatching periods. These divisions highlight the 
changing spectrum of mcgor developmental pro- 
cesses that occur during the first 3 days after fer- 
tilization, and we review some of what is known 
about morphogenesis and other significant events 
that occur during each of the periods. Stages sub- 
divide the periods. Stages are named, not num- 
bered as in most other series, providing for flexi- 
bility and continued evolution of the staging series 
as we learn more about development in this spe- 
cies. The stages, and their names, are based on 
morphological features, generally readily identi- 
fied by examination of the live embryo with the 
dissecting stereomicroscope. The descriptions 
also fully utilize the optical transparancy of the 
live embryo, which provides for visibility of even 
very deep structures when the embryo is examined 
with the compound microscope and Nomarski 
interference contrast illumination. Photomicro- 
graphs and composite camera lucida line draw- 
ings characterize the stages pictorially. Other 
figures chart the development of distinctive char- 
acters used as staging aid signposts. 

© 1995 Wiley-Liss, Inc. 
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INTRODUCTION 

A staging series is a tool that provides accuracy in 
developmental studies. This is because different em- 
bryos, even together within a single clutch, develop at 
slightly different rates. We have seen asynchrony ap- 
pearing in the development of zebrafish, Danio 
(Brachydanio) rerio, embryos fertilized simultaneously 
in vitro (C. Walker and G. Streisinger, in Westerfield, 
1994) and incubated at an optimal temperature with- 
out crowding (28.5°C, 5-10 embryos/ml). Asynchrony 
arises at the earliest stages, and it becomes more pro- 
nounced as time passes. Comparisons reveal more of 
this variability among embryos from different clutches 
than from within a single clutch. Genetic uniformity 
may alleviate but does not eliminate this problem; 
even embryos of a clonal strain of zebrafish (Streis- 
inger et al., 1981) develop asynchronously. 

As for other kinds of embryos, staging by morpholog- 
ical criteria partly resolves this problem. For example, 
primary trigeminal sensory neurons in the head (Met- 
calfe et al., 1990) and primary motoneurons in the 
trunk (Eisen et al., 1986) both initiate axogenesis dur- 
ing stages when somites appear successively along the 
body axis. Staging by somite number more accurately 
predicts where these neurons will be in their develop- 
ment than does staging by elapsed time after fertiliza- 
tion (personal communications from W.K. Metcalfe and 
J.S. Eisen). Recording one's experiments with refer- 
ence to a staging series provides a good way to ensure 
reproducibility and to allow subsequent incorporation 
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of new observations and details. A series based on 
morphology can also facilitate communication; the de- 
scriptor "18-somite embryo" has more meaning than 
"18-hour-oId embryo," particularly in cross-species 
comparisons. 

An earlier staging series for zebrafish, although less 
complete than the present one, fairly accurately por- 
trays the first third (or 1st day) of embryonic develop- 
ment, and includes useful sets of photographs (Hisaoka 
and Battle, 1958; Hisaoka and Firlit, 1960). Warga and 
Kimmel (1990) briefly described stages of the blastula 
and gastrula. Preliminary versions of this series were 
circulated and published in The Zebrafish Book (Wester- 
field, 1994). The present version substantially revises, 
corrects, and expands the earlier ones. An up-to-date 
version is available in electronic form on the Internet 
World Wide Web server: "http:/zfish.uoregon.edu. 

ORGANIZATION 

We have named the stages rather than numbering 
them as in most other series, because named stages are 
more flexible and easier to remember or recognize than 
numbered ones. A stage defines more than an instant 
in time, it is merely a device for approximately locating 
a part of the continuum of development. With named 
stages one can easily add detail as it is learned, and 
intercalate new stages into the series as necessary for 
a particular study without resorting to cumbersome 
devices like decimal numbers, minuses, and pluses. For 
example, here we describe a five-somite stage, and next 
a 14-somite stage, but a particular study might use 
eight stages in between (six-somite, seven-somite, and 
so on), and one will immediately understand their 
meaning. We emphasize that we do not mean to ex- 
clude these extra stages, wherever they are in the se- 
ries, by ignoring them. 

As an aid to communicating a broader perspective 
toward development, we group the stages into larger 
time-blocks called periods (Table 1), and summarize in 
the text the principal events during these periods. Spe- 
cialized terms are defined in the glossary, and boldface 
type in the text highlights terms important for staging. 
Table 2 collects brief descriptions of all the stages, and 
Figure 1 shows corresponding sketches. One can use 
these two sources to approximately locate a stage of 
interest, and then find additional detail as necessary in 
the text and other figures. 

PROCEDURES 

Staging 

One can determine the approximate developmental 
stage of a living embryo by examining it with a dis- 
secting stereo-microscope, generally with transmitted 
(not epi- or incident) illumination and high magnifica- 
tion (about 50 x ). During the segmentation period the 
tail elongates, and if the embryo is left within its 
chorion, the tail eventually curves over the trunk and 
head so as to obscure the view. When this has hap- 
pened, one must remove the embryo from its chorion to 



TABLE 1. Periods of Early Development 



Period 



Description 



Zygote 

Cleavage 
Blastula 



Gastrula 

Segmentation 
Pharyngula 

Hatching 
Early larva 



2V4 



5Y4 



10 



24 



48 



72 



The newly fertilized egg through the 
completion of the first zygotic cell 
cycle 

Cell cycles 2 through 7 occur rapidly 
and synchronously 

Rapid, metasynchronous cell cycles 
(8, 9) give way to lengthened, 
asynchronous ones at the 
midblastula transition; epiboly 
then begins 

Morphogenetic movements of 
involution, convergence, and 
extension form the epiblast, 
hypoblast, and embryonic axis; 
through the end of epiboly 

Somites, pharyngeal arch primordia, 
and neuromeres develop; primary 
organogenesis; earliest movements; 
the tail appears 

Phyiotypic-stage embryo; body axis 
straightens from its early curvature 
about the yolk sac; circulation, 
pigmentation, and fins begin 
development 

Completion of rapid morphogenesis of 
primary organ systems; cartilage 
development in head and pectoral 
fin; hatching occurs asynchronously 

Swim bladder inflates; food-seeking 
and active avoidance behaviors 



stage it, either manually with #5 watchmaker's for- 
ceps, or by treatment with a proteolytic enzyme (Wes- 
terfield, 1994). Late in the pharyngula period the em- 
bryo, if removed from the chorion, swims away in 
response to touch; this can be prevented by anesthesia 
in 0.003% tricaine (3-amino benzoic acid ethyl ester; 
Sigma Chemical Co.) at pH 7 (Westerfield, 1994). Re- 
peated anesthesia and rinsing appears to slightly but 
significantly retard subsequent development (see leg- 
end to Fig. 2). 

Nomarski Optics 

A compound microscope equipped with Nomarski dif- 
ferential interference contrast optics and objectives in- 
the range of 25 x to 40 x reveals details otherwise not 
visible in the live preparation and permits the most 
critical staging. For instance, Nomarski optics permits 
the most accurate counts of cells in the blastula and of 
somites during segmentation. Moreover, "prim" stages 
refer to the position of a structure, the primordium of 
the posterior lateral line, that one must use Nomarski 
optics to see for the sharpest determination of stages 
during much of the pharyngula period. The embryo is 
anesthetized, removed from the chorion, and mounted 
between bridged coverslips (Westerfield, 1994), for ob- 
servation and later recovery. 

It is always better to stage embryos while they are 
alive rather than after killing and fixation. For exam- 
ple, staging during the straightening and hatching pe- 
riods calls for a comparison of sizes of the head and the 



Stage 

Zygote period 

1- cell 

Cleavage period 

2- cell 
4-cell 
8-cell 
16-cell 
32-cell 
64-cell 

Blastula period 
128-cell 
256-cell 
512-cell 
lk-cell 
High 

Oblong 
Sphere 
Dome 

30%-epiboly 
Gastrula period 



TABLE 2. Stages of Embryonic Development 8 

h HB ^ 

Description 

0 1,2 Cytoplasm streams toward animal pole to form the blastodisc 



3 /4 

1 

VA 

V/2 

VA 
2 

2Va 

2V2 
2Va 
3 

3M» 

3% 
4 

4Va 
4% 



3 
4 
5 
6 
7 
8 



10 



11 
12 
13 
14 



50%-epiboly 


5V< 




Germ-ring 


5% 




Shield 


6 


15 


75%-epiboly 


8 


16 


90%-epiboly 


9 




Bud 


10 


17 



Segmentation period 
1 -somite 
5-somite 
14-somite 

20-somite 

26-somite 

Pharyngula period 
Prim-5 

Prim-15 



Prim-25 



1014 
11% 
16 



18 
19 



19 20 



22 



High-pec 



Hatching period 
Long-pec 



Pec-fin 



24 



30 



36 



42 



48 



60 



Protruding-mouth 72 



Partial cleavage 
2x2 array of blastomeres 
2x4 array of blastomeres 
4x4 array of blastomeres 

I Z!!^ r CrS rows) of blastomeres, sometimes in 4 x 8 array 

3 regular tiers of blastomeres y 

5 blastomere tiers; cleavage planes irregular 
7 blastomere tiers 

9 tiers of blastomeres; NO: YSL forms 
division asynchrony aswxusc flattening, NO. YSL nuclei in two rows; substantial 

and vegetal poles margin reaches 30% of distance between the animal 

Blastoderm remains uniform in thickness 

Germ ring visible from animal pole; 50%-epiboly 

Embryonic shield visible from animal pole, 50%-epiboly 

Dorsal side distinctly thicker; epiblast, hypoblast, evacuation zone visible 

Brain rudiment thickened; notochord rudiment distinct ^se^neS plate 

T tSTu'^ 

First somite furrow 

Polster ■prominent; optic vesicle, Kupffer's vesicle 

n^SSdJ? brai " neUr ° mere8 ' V ' Shaped trunk 8omi ^; YE barely forming; NO: 

^indbrain^eiu^meres* promment; tail 1 v^'extended** 8 ' ^ "° ^ 
= 16 mm; HTA » 125 °; side-to-side flexures; otoliths; Prim-3 

EL = 1.9 mm; HTA = 120°; OVL = 5; YE/YB = 1- 
fin fold; red blood cells on yolk, heartbeat 

t-L = 2.5 mm; HTA = 95°; OVL = 3- YE/YB > 1- YR/Hn o i . , 
spontaneous movements- retina mirmen^ rfn™) 7 - . '' y t0Uch reflex and ****** 
artery halfway to end of tai K*Kt2Z T» * !? Weak cir ^ion; caudal 

cellular degeneration at ^S^^iSrjST^ " *** ™ 

EL = 2.7 mm; HTA = 75°; OVL = 1* PFYW/un 3/ 1 " 
stripe filling out; strong irculation sinErtlc a™h 2 T\ ^ t**"**^ ™* ventral 

prominent; early lateral stripe; compel Z^JLS^t^ , PF ^J"' Hdge 
retma only; pericardium prominent- NO- heart P h3^ , * ?1 head 0nly: irid °Ph°res in 
hyoid arches; foregut development S^JSfiEEg^^ 

EL = 3.1 mm; HTA = 45°; OVL = w PFmrw\ _ o ■ *• . 
pointed; dorsal and venial str^lTa^ ~ % ^V* »?' ^ beginning to ^ P > 

Plentiful on retina; distinct ye.L c^t to heaa'; NO cSaUo'Tz" "£? ^ 
EL^^hS 35^ h T tt * -mi^ircul neuron ' C 

me.anopZes^ ter! Ifflr^S^,^ ^ YE; " P to 10 

retinal ring fills out; iridoph^res in dor^l^tripe NO pTcart t"™""'?^ Mai ™> ^dophore 
chambers in otic vesicle; early jaw cartas ri™.^! ? 1** act,notri <*«; gut tract; 2 
small and open at ventral uJ&Z SS^SS " ^ ^ ^ reraain "* 

eye" halfTei irid ° ph ° reS in 

1* rl nmiHi s^f j j — 



; early pigmentation in retina and skin; median 



a FT omk 7~ZriZ 3 : operculum c over s the branchial „rrh 1 or 2; clerithrum 

n o^l W e u ng ^ h; ? F ' pectoral fin : h - h ™rs of development at 28 5°C- HR am • * * : C ' er ' thrum 



1-cell 
0.2 h 



2-cell 
0.75 h 



4-cell 
1 h 



8-cell 
1.25 h 




Fig. 1 (Legend to Fig. 1 appears on page 259). 
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26-somite nrim-fi 

22 h 6 pnm-16 prim-22 

Fig. 1 (continued). 



22h 25 h 31 h 35 h 
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1 . j 




high pec 
42 h 



long pec 
48 h 



Fig. 1 . Camera lucida sketches of the embryo at selected stages. The 
animal pole is to the top for the early stages, and anterior is to the top 
later, except for the two animal polar (AP) views shown below their side 
view counterparts for germ-ring and shield gastrulas. Face views are 
shown during cleavage and blastula stages. After shield stage, the views 
are of the embryo's left side, but before the shield arises one cannot 
reliably ascertain which side is which. Pigmentation is omitted. Arrow- 
heads indicate the early appearance of some key diagnostic features at 



pec fin 
60 h 



protruding 
mouth 

72 h 



the following stages: 1k-ce»: YSL nudei. Dome: the doming yolk syncy- 
tium. Germ ring: germ ring. Shield: embryonic shield. 75%-epiboly: Bra- 
chefs cleft. 90%-epiboly: blastoderm margin closing over the yolk plug. 
Bud: polster. 3-somite: third somite. 6-somite: eye primordium (upper 
arrow), Kupffer's vesicle (lower). 10-somite: otic placode. 21 -somite: tens 
primordium. Prim-6: primordium of the posterior lateral line (on the dorsal 
side), hatching gland (on the yolk ball). Prim-16: heart. High-pec: pectoral 
fin bud. Scale bar = 250 fim. 



yolk mass, and differential shrinkage during fixation 
distorts the normal relationship. Nevertheless, if pres- 
ervation is good enough, one can fairly reliably stage 
fixed and whole-mounted embryos (e.g., immunola- 
beled ones) using other criteria. One cannot easily 
stage an embryo after it is sectioned. 



Photographs 

The accompanying photographs are of living em- 
bryos, anesthetized for the later stages. The original 
photographs were made as color slides (Kodak Ektach- 
rome 160T DX), and the black and whites plates are 
reproduced from internegatives. Sets of copies of the 
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original color slides are available at cost from the au- 
thors. The lower-magnification views, showing the en- 
tire embryo, were made using a Zeiss STEMI stereo 
dissecting microscope: The embryo is mounted on a de- 
pression slide, without an overlying coverslip, in stan- 
dard embryo medium (Westerfield, 1994) containing 
1.5-3% methyl cellulose to allow positioning as de- 
sired. The higher-magnification views, showing parts 
of embryos, were taken with Nomarski optics (gener- 
ally a Zeiss 40 x water-immersion objective) using a 
Zeiss UEM compound microscope. The embryo was 
mounted between coverslips, sometimes in 1% agar, for 
positioning. 

TEMPERATURE AND STANDARD 
DEVELOPMENTAL TIME 

We convert staging information to "standard devel- 
opmental time," as designated by the letter "h," and 
defined as normalized Aours after fertilization at 
28.5°C, an optimal temperature of incubation (G. Strei- 
singer, unpublished experiments). Incubation at an- 
other temperature will change developmental rate, as 
may be useful in particular studies, e.g., to bring em- 
bryos to two different stages at the same time for het- 
erochronic transplantation. Comparisons of embryos 
raised at different temperatures should be made with 
caution, because there is no assurance that all features 
of the embryo coordinately change their rates of devel- 
opment when the temperature is changed. Neverthe- 
less, embryos appear to develop normally if they are 



kept within an eight degree range, between 25°C (per- 

a ?o J??* 68 lower; » Schirone and Gross, 
1968) i and 33 C. Incubating them for long periods above 
or below these extremes may produce abnormalities, 
figure 2 shows the rates of development at the ex- 
tremes, and the legend to this figure provides a simple 
formula permitting one to estimate when an embryo 
developing at any temperature within this range will 
reach a given stage. 

ZYGOTE PERIOD (0-% h) 
The newly fertilized egg is in the zygote period until 
the first cleavage occurs (Fig. 3), about 40 minutes af- 
ter fertilization. The zygote is about 0.7 mm in diame- 
ter at the time of fertilization. We include only a single 
stage; however many changes are occurring, and one 




8 



0 10 20 30 40 50 60 70 60 90 

Hours of development 



Fig. 2. Rates of development for embryos incubated at 25°C (solid 
SSL fl C i 0 ?" CircteS) - A: d ™**™** showing selected 

S £52& « n d S f 9e (occurrin9 at 10 h at ■» tem p«- 

2£n^ L L eV f Pmem tt " 0Ugh * e end of embryoSenesis the 
protrudmg-rnouthstage (occurring at 72 h at the standard temperature). 

along the ordinate according to when they occur at 28.5°C. the standard 
m^^a '^Peratura Because of this presentation, a plot of develop- 

*e ongin, andwith a slope of 1.0. We determined this to be the case, in 
fact, by watching sets of control embryos developing at 28.5° durina 
coltechon of the data for this experiment (not shown). Notice in the figures 
that devetopmental rates at both 25°C and 33°C are also approximately 

in A and B. Hence, developmental rate varies as a linear function of 
incubation temperature, and a simple calculation allows one to determine 
approximately when embryos developing at any temperature between 
the extremes will reach a desired stage of interest: H, = h/(0 055T - 
0-57), where H,. = hours of development at temperature T. and h = 
hours of development to reach the stage at 28.5", as set out in Table 1 
For example, computation of development to the 20-somite staae (oc- 
curring at 19 h at the standard temperature) yields 23.6 hours at 25°C 
o^rl^cL 3300 - ^ SSe 6mea * not differ significantly from those" 
o . .° U,S "? I 4 5 hbUrS) - Sto9e abbrev,a "°"8 (and hours 
« % ^ e V° reach *• * 28 5 ° in Parentheses) 8c. 8-cell 
(1 25 h); 64c, 64 cell (2 h); 1 kc. 1 k-cell (3 h); d, dome (4 3 h)- s shields 

^ h ): 20s, 20-somite (19 h); P 5. prim-S (24 h) p15, prim-15 
00 h); p25 pnm-25 (36 h); hp, high-pec (42 h); Ip, tong-pec (« IfTpf 
pee* 1 (60 h); pm, protnjding-mouth (72 h). Method: ObsenTations wJre 
made on embryos developing from several natural spawnings, separated 

and 33.0-C) ± 0.2TC. Each group generally included 20-30 embryos 
never less than 6. They were incubated in covered 150-ml beaffTn 
water baths regulated so that the temperatures within the beakers them- 
selves were as desired. We assigned a time point for a particular stage 
when we judged that the majority of embryos in a given 

1-1 .^f 9a We U " d definin 9 ^araLristfcs fer lE 

stage, not just the most obvious one, and discarded malformed embryos 
Further, we took care to assure that embryos taken at intervals from the 
beakers for staging were not developing differently from control embryos 
kept separately without being distorted. This is because staging partic- 
ularly at the later time points, necessarily involves some handling of the 
embryos that could retard development (e.g.. pipetting, dechorionation, 
tncaine anesthesia, mounting in observation chambers), particularly if 
done repeatedly. In fact during these studies we observed that repeated 
anesthesia and rinsing (3 times over the period between 20 h and 48 h) 
significantly retard development: Treated embryos looked 2-6 h younoer 
than control embryos at the tong-pec stage 
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Rg. 3. The zygote period. A: The zygote within its uplifted chorion, a 
few minutes after fertilization. B: The dechorionated zygote with the an- 
imal pole to the top, about 10 min after fertilization. Yolk-free cytoplasm 
has begun to segregate to the animal pole. Scale bar = 250 

could easily subdivide the period (see Hisaoka and Bat- 
tle, 1958). 

Stages During the Zygote Period 

One-cell stage (0 h). The chorion swells and lifts 
away from the newly fertilized egg (Fig. 3A). Fertili- 
zation also activates cytoplasmic movements, easily ev- 
ident within about 10 minutes. Nonyolky cytoplasm 
begins to stream toward the animal pole, segregating 
the blastodisc from the clearer yolk granule-rich vege- 
tal cytoplasm (Fig. 3B). This segregation continues 
during early cleavage stages. 

CLEAVAGE PERIOD ( 3 /*-2V4 h) 

After the first cleavage the cells, or blastomeres, di- 
vide at about 15-minute intervals (Figs. 4, 5). The cy- 
toplasmic divisions are meroblastic; they only incom- 
pletely undercut the blastodisc, and the blastomeres, or 
a specific subset of them according to the stage (Kim- 



mel and Law, 1985a), remain interconnected by cyto- 
plasmic bridges. The six cleavages that comprise this 
period frequently occur at regular orientations (Figs. 6, 
7) so that one can see how many blastomeres are 
present are by their arrangement; counting them is 
unnecessary. 

One can be quite accurate about staging during this 
period, as well as the early part of the next one, by 
using Nomarski optics to subdivide each cell cycle. All 
the cells of the blastodisc procede through their cell 
cycles synchronously, or nearly so. Nuclei are present 
and visible during about the first half of each cycle, i.e., 
during interphase, and the nuclear shapes change sys- 
tematically (see below, Fig. 10). The nuclei are globu- 
lar during very early interphase, become spherical by 
late interphase, and then, as the cells enter mitosis, 
their nuclei take on an ellipsoidal shape shortly before 
disappearing during prophase. The long axis of the el- 
lipsoid predicts the orientation of the following cleav- 
age. Mitotic chromosomes, present during the other 
half of the cleavage cell cycle, are more difficult to vi- 
sualize. Near the end of mitosis, and heralding the cy- 
toplasmic division, the blastomeres become more 
rounded in shape. 

Stages During the Cleavage Period 

Two-cell stage ( 3 /4 h). The first cleavage furrow, 
ending the first zygotic cell cycle, is vertically oriented, 
as is usual until the 32-cell stage. The furrow arises 
near the animal pole and progresses rapidly toward the 
vegetal pole, passing through only the blastodisc and 
not the yolky region of the egg (Fig. 4A). Near the 
bottom of the blastodisc the furrow changes to a hori- 
zontal orientation to undercut the blastodisc in the 
fashion described originally by Wilson (1889) for the 
sea bass, but still leaves the cells only partly cleaved 
from the underlying yolky region. The two blastomeres 
are of equal size and appear otherwise undistinguished 
from one another. 

The following several cleavages are strictly oriented 
relative to the first one. However, the eventual axes of 
body symmetry (i.e., the dorsal-ventral and anterior- 
posterior axes) apparently cannot be predicted with 
any certainty from the orientation of the cleavage 
(Kimmel and Warga, 1987; Abdelilah et al., 1994; 
Helde et al., 1994), despite some reports to the contrary 
(Strehlow and Gilbert, 1993; Strehlow et al., 1994). 

Four-cell stage (1 h). The two blastomeres cleave 
incompletely (Fig. 4B) and in a single plane that passes 
through the animal pole at right angles to the plane of 
the first cleavage. Hence, cycle 3 begins with four blas- 
tomeres in a 2 x 2 array. A view from the animal pole 
("animal polar view," cartooned in Fig. 6) reveals that 
the blastodisc is ellipsoidal in shape. The second cleav- 
age plane is oriented along the longer axis. 

Eight-cell stage (VU h). Cleavages ending cycle 3, 
still incomplete, occur in two separate planes, parallel 
to the first one, and on either side of it. They cut the 
blastodisc into a 2 x 4 array of blastomeres. As the 
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Fig. 4. Embryos during the cleavage period. Face views, except for B, 
which shows the embryo twisted about the animal-vegetal axis, roughly 
45° from the face view. A: Two-ceil stage (0.75 h). B: Four-cell stage (1 



h). C: Eight-cell stage (1 .25 h). D: Sixteen-cell stage (1 .5 h) E- Thirty-two 
cell stage (1.75 h). F: Sixty-four cell stage (2 h). Scale bar = 250 jim. 
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Fig. 5. Idealized blastomere number as a function of time after fertil- 
ization (at 28.5°C), for the time when divisions occur fairly synchronously 
before the midblastula transition at the tenth cycle 



dechononated embryo usually lies in a dish, the four- 
cell aspect, rather than the two-cell aspect, faces the 
observer. This "face" view (Kimmel and Law 1985a) is 




Fig. 6. Diagrammatic animal polar views of the planes of the first five 
cleavages. The outer circle is the yolk, and the inner ellipse in A is the 
uncleaved blastodisc. B-F show successive cleavages, with odd num- 
bered cleavages cutting the short axis of the blastodisc and even-num- 
bered ones cutting the long axis. Reprinted from Kimmel et al. (1991) with 
permission of Wiley-Liss, a division of John Wiley & Sons, Inc. 

along the odd-numbered cleavage planes (furrows 1 
and 3 are visible; Fig. 7). The dechorionated embryo 
tends to lie in the same orientation through late bias- 
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Fig. 7. Camera lucida drawings of face views during cleavage, show- 
ing lineal relationships of the blastomeres from the four-cell stage through 
the e4-cell stage. Blastomere names are according to cell lineage, and 
also indicate cell positions. Each name represents two cells in the em- 
bryo, one visible in the figure and one that would be visible by rotating the 
embryo through 180° about the animal-vegetal axis (i.e., only two cells 
are shown here at the four-cell stage). Cell L is to the left of the first 
cleavage plane, and cell R is to the right at the four-cell stage. (Hence the 
designations L and R are not with reference to the future left and right 
sides of the embryo; see text.) Cell L divides to generate L1, by conven- 
tion the sister closer to the animal pole, and L2. L1 divides to generate 
Li 1 (closer to the animal pole) and L12, and so on. The deep cells are not 
in the drawing for the 64-cell stage. Reproduced with permission from 
Academic Press from Kimmel and Law (1985a). 



tula stages, and this view is the one shown in the first 
part of Figure 1 (through the high stage), Figure 4 
(except for Fig. 4B), and Figure 7. 
16-cell stage (Vk h). The fourth set of cleavages 

a° al ° ng tw ° planes ' P arallel to and on either 
side of the second one, and produces a 4 x 4 array of 



cells. Use care to distinguish this stage from the eight- 
cell stage, because they look similar in face view (Fig. 

For the first time some of the cells now become com- 
pletely cleaved from the others. These "complete" cells 
are the four most central blastomeres, the quartet that 
is entirely surrounded by other cells in Figure 6E. 
Their complete cleavage occurs near the end of the 16- 
cell stage because of the way the cleavage furrows un- 
dercut the blastodisc from the center, going outward 
toward the blastodisc margin. Indeed, the undercutting 
furrows still do not reach the margin, and the 12 cells 
surrounding these four central ones, the so-called mar- 
ginal blastomeres, remain connected to the yolk cell by 
cytoplasmic bridges (Kimmel and Law, 1985a). From 
this stage onward until the midblastula period the 
cleavages completely partition most or all of the non- 
marginal blastomeres, but still incompletely partition 
the marginal ones. 

32-ce/Z stage (l*/ 4 h). The cleavages ending cycle 5 
often occur along four parallel planes, rather than two, 
lying between those of the first and third cycles. How- 
ever, oblique orientations of the furrows are now com- 
mon. Frequently the 32 blastomeres of this stage are 
present in a 4 x 8 array, but other regular patterns, as 
well as irregular ones involving one or more of the 
blastomeres, also occur (Kimmel and Law, 1985b). In a 
side view one usually sees two tiers, or horizontal rows 
of blastomeres between the margin and the animal pole 
(Figs. 4E, 7). This is because the plane of the blastodisc 
is curved; marginal cells are more vegetal, and they lie 
partly in front of the nonmarginal ones positioned 
closer to the animal pole. 

64-cell stage (2 h). Cleavages ending the sixth cycle 
pass horizontally, so that in an animal polar view the 
blastomere array may look similar to the 32-cell stage, 
although the cells entering cycle 7 are smaller. From 
the side the cell mound looks distinctly higher (Figs. 1, 
4F, 7). For the first time some of the blastomeres com- 
pletely cover other ones. The buried cells, or deep cells 
each arise as one of the two daughters of the four cen- 
tral blastomeres that were present at the 32-cell stage. 
The other daughter remains superficial, in the topmost 
tier of what is now the enveloping layer (EVL) of the 
blastodisc. During the same cleavage the horizontal 
divisions of marginal blastomeres present at cycle 6 
produce two EVL sister cells, and in a face view of 
the 64-cell stage one sees three tiers of EVL cells (Fie 
7). s ' 

BLASTULA PERIOD (2V+-5V 4 h) 
We use the term blastula to refer to the period when 
the blastodisc begins to look ball-like, at the 128-cell 
stage, or eighth zygotic cell cycle, and until the time of 
onset of gastrulation, ca. cycle 14. Important processes 
occur during this blastula period; the embryo enters 
™ a f ula transition (MBT), the yolk syncytial layer 
(YSL) forms, and epiboly begins. Epiboly continues 
during the gastrulation period. 
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Fig. 8. Face views of embryos during the blastula period. A: 256-cell 
stage (2.5 h). B: High stage (3.3 h). C: Transition between the high and 
oblong stages (3.5 h). D: Transition between the oblong and sphere 



stages (3.8 h). E: Dome stage (4.3 h). F: 30%-epiboly stage (4.7 h). Scale 
Dar = 250 p.m. 



"Stereoblastula" would be a more appropriate term 
than blastula to describe the period, for it means no 
blastocoele is present, which is the case (Fig. 8). Only 
small irregular extracellular spaces exist between the 
deep cells of the blastodisc. The orientation of the 
cleavage planes is indeterminate, and they are much 
less regularly arranged than they were during the 
cleavage period. The daughter cells from these later 
cleavages slip out of what have been rather neat rows, 
in either side or top views, so that blastomere size is 
more useful than blastomere position in determining 
the stage during this period. The blastodisc looks 
slightly ellipsoidal in animal polar view (particularly 
during the early part of the period). 

Early on, the cells of the blastula continue to divide 
synchronously, at the same rhythm, as before (Figs. 5, 
9). More accurately, the cleavages during the early 
blastula period are "metasynchronous" because the mi- 
toses do not all occur at quite the same time. Instead, a 
wave crosses the blastodisc at the end of each cell cycle. 
Cells near the animal pole enter the wave first, and the 
marginal cells enter the wave last. Generally the wave 
passes through the blastodisc obliquely, such that, 



a face view, one can observe the wave pass across 
the field of cells along the long axis of the blastoderm, 
as it also passes from the animal pole to the margin. 

Cell cycle lengthening marks the onset of the mid- 
blastula transition (MBT; Kane and Kimmel, 1993; 
Fig. 9A). Not all of the cycles begin to lengthen syn- 
chronously or to the same extent (Fig. 9B), and at any 
time point after MBT some cells are in interphase and 
have nuclei easily visualized with Nomarski optics 
(Fig. 10A,D), while other cells are in mitosis (and have 
no nuclei; Fig. 10C,E): Asynchrony among the bias- 
tomeres is thus immediately apparent from the mor- 
phology. The MBT begins during the tenth cell cycle 
(512-cell stage), two cycles earlier than in Xenopus 
(Newport and Kirshner, 1982a,b), but otherwise the 
essentials of the MBT, its features, and how its onset is 
controlled appear the same in the two species (Kane 
and Kimmel, 1993). As interphases lengthen, cells be- 
come motile, and RNA synthesis increases over back- 
ground levels. 

Time-lapse analysis reveals that after the onset of ; 
the MBT the deep cells are motile during their longer J 
interphases (Kane and Kimmel, 1993). The deep cell " 
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Fig. 9. Cell cycle lengthening and loss of synchrony at the midblastula 
transition, beginning at the tenth zygotic cell cycle (512-celt stage). The 
three different symbols in A represent data collected by following fields of 
cells in three different embryos. The distributions in B represent cycle 
lengths of individual cells followed in a field within a single embryo. Re- 
produced from Kane and Kimmel (1993) with permission from Company 
of Biologists Ltd. 

movements appear to be unoriented, at least as seen 
from the surface. 

The marginal tier of blastomeres in the early blas- 
tula have a unique fate. They lie against the yolk cell 
and remain cytoplasmically connected to it throughout 
cleavage. Beginning during cycle 10 (Kimmel and Law, 
1985b), the marginal cells undergo a collapse, releas- 
ing their cytoplasm and nuclei together into the imme- 
diately adjoining cytoplasm of the yolk cell. Thus arises 
the yolk syncytial layer (YSL) a feature prominent 
with Nomarski optics, and important for staging (Fig. 
10). After the YSL forms, the EVL cells that were in 
the second blastodisc tier now lie at the marginal po- 
sition. They look like their former neighbors did, but 
with the important difference that these new marginal 
blastomeres are nonsyncytial: For the first time, none 
of the blastomeres have cytoplasmic bridges to other 
cells, except those present for a short time between 
newly divided sibling-cell pairs. 

Although the YSL forms just at the time of the MBT, 
the regulatory control of these two events appears to be 
distinct; MBT alone depends on the nuclear-cytoplas- 
mic ratio (Kane, 1991). The YSL nuclei continue to 
undergo mitotic divisions in the midblastula, but the 
nuclear divisions are unaccompanied by cytoplasmic 
ones, and the yolk cell remains uncleaved and syncy- 
tial. As in the blastodisc, the YSL division cycles 
lengthen during the midblastula period, but not as 
much, and the YSL nuclei continue to divide metasyn- 
chronously, not asynchronously. After about three cy- 
cles, and coinciding with the beginning of epiboly, the 



YSL divisions abruptly cease (Kane et al., 1992; see 
also Trinkaus, 1992). The YSL nuclei now begin to en- 
large; possibly meaning that they are actively tran- 
scribing RNA. 

The YSL, an organ unique to teleosts, may be ex- 
traembryonic, making no direct contribution to the 
body of the embryo. At first the YSL has the form of a 
narrow ring around the blastodisc edge (Fig. 10), but 
soon (within two division cycles) it spreads underneath 
the blastodisc, forming a complete "internal" syncy- 
tium (the I- YSL), that persists throughout embryogen- 
esis. In this position, between the embryonic cells and 
their yolk stores, the I- YSL might be presumed to be 
playing a nutritive role. Another portion of it, the 
E-YSL, is transiently "external" to the blastodisc edge 
during epiboly. Indeed, work with the teleost Fundulus 
shows that this region, the E-YSL, appears to be a ma- 
jor motor for epiboly (Trinkaus, 1984). 

Epiboly, beginning in the late blastula (Solnica- 
Krezel and Driever, 1994), is the thinning and spread- 
ing of both the YSL and the blastodisc over the yolk 
cell, as you might model by pulling a knitted ski cap 
over your head. Eventually, at the end of the gastrula 
period, the yolk cell becomes engulfed completely. Dur- 
ing the early stages of this morphogenetic movement 
the blastodisc thins considerably, changing from a 
high-piled cell mound (Fig. 8B) to a cup-shaped cell 
multilayer of nearly uniform thickness (Fig. 8F). This 
is accomplished by the streaming outward, toward the 
surface, of the deepest blastomeres. As they move, they 
mix fairly indiscriminately among more superficial 
cells along their way (Wilson et al.,1993). Active cell 
repacking by these so-called radial intercalations 
(Keller, 1980) may be a part of the driving force of early 
epiboly. The intercalations do not drive deep cells into 
the EVL, which remains a compartmentalized mono- 
layer (Kimmel et al., 1990b). Additionally, deep blas- 
tomeres at the margin mix together to a considerably 
lesser extent than do the central ones (Helde et al., 
1994), where, as can be seen from Figure 8, the pile is 
much thicker before epiboly begins. This relative lack 
of mixing among marginal blastomeres may have sig- 
nificance with respect to how pattern is established 
during early development. This is because the meso- 
derm will arise from these nonmixing marginal deep 
cells (see the fate map below, Fig. 14). Presuming that 
events specifying mesoderm begin to occur before epi- 
boly, as they seem to do in Xenopus, then lack of mix- 
ing in the marginal deep cell population during epiboly 
could be important to maintain regions with different 
cellular "specifications" (Kimmel et al., 1991) or iden- 
tities. 

The yolk cell prominently changes shape at the same 
time that the radial intercalations occur. The I- YSL 
surface bulges or "domes" toward the animal pole, this 
change in shape being the clearest sign that epiboly is 
beginning (Fig. 8E), and serving to substantially in- 
crease the area of contact between the I- YSL and the 
blastodisc's inner surface. As the yolk cell domes, it 
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Fig. 10. Formation of the yolk syncytial layer (YSL), viewed with 
Nomarski optics. A: A marginal blastomere during the tenth interphase 
(512-cell stage; the arrow indicates its nucleus). B: The nucleus disap- 
pears as the cell enters the tenth mitosis, a special one because there is 
no cytokinesis. The daughter nuclei then reappear in a common cyto- 
plasm during interphase 11. During very early interphase the nuclei are 
globular (C), and later, just before entering mitosis again they are large 



and football-shaped (D). The YSL nuclei continue to disappear during 
mitoses (E; mitosis 1 1 ; note that interphase nuclei are present just in the 
blastoderm cells and not the YSL, meaning that the blastoderm and YSL 
are no longer in synchrony), and reappear during interphases (F; inter- 
phase 12) for several mitotic cycles, always within a common syncytium. 
Reproduced with permission from Academic Press from Kimmel and Law 
(1985b). Scale bar = 50 p.m. 



occupies territory simultaneously vacated by the deep 
blastomeres during their radial intercalations; yolk 
cell doming could exert force that drives the deep cells 
outward. Whatever its cause, epiboly clearly involves 
the blastodisc and yolk cell alike, and begins quite rap- 
idly. As epiboly continues during the next several 
hours, the E-YSL continues to advance across the yolk 
ahead of the cells that are riding upon it. In Fundulus, 
at least, desmosomes serve to attach the E-YSL to the 
EVL margin (Betchaku and Trinkaus, 1978), and the 



spreading YSL appears to pull the EVL along behind 
it. 

Epiboly appears to depend on functional microtu- 
bules (Strahle and Jesuthasan, 1993) and might be un- 
der control of early-acting zygotic genes (Kane, 1991). 
The earliest-expressed genes identified so far code for 
regionally localized putative transcription factors, and 
begin expression in the late blastula (e.g., the gene no 
tail, Schulte-Merker et al., 1992; goosecoid, Stachel et 
aL, 1993; snaill, Thisse et al., 1993). 
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Changes also occur in the EVL during the blastula 
penod. At the end of the cleavage period there are more 
EVL cells than deep cells, but with successive divisions 
the EVL cells become vastly outnumbered. The EVL 
flattens, its cells thinning and stretching markedly to 
eventually form a tightly sealed (Bennett and Trink- 
aus, 1970) epithelial monolayer that becomes increas- 
ingly difficult to see. By the late blastula period, EVL 
cell cycles are longer and less synchronous than deep 
cell cycles (Kane et al., 1992). At the same time the 
EVL cells become lineage-restricted; their cell divi- 
sions generate daughters that are always within the 
EVL (Kimmel et al., 1990b). However, their develop- 
mental potential does not seem to be restricted during 
the late blastula period; if they are transplanted singly 
among the deep cells, their descendants acquire new 
fates (Ho, 1992a). 
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, el 2 ??*" 8tage <2 ' /4 hh ^ ei S hth cvcle be gins with 
128 blastomeres arranged as a high mound of cells, a 
solid half ball perched on the yolk cell. In contrast to 
earlier cleavages, the cleavage furrows that bring the 
64-cell stage to an end generally occur so irregularly 
that with few exceptions one cannot after this time 
deduce a blastomere's cellular ancestry from its posi- 
tion. One can, however, distinguish whether a view 
from the side corresponds to a view along the earlier 
odd-numbered cleavage planes (the face view de- 
scribed above) or the even-numbered ones because of 
the oblong shape of the blastodisc, which remains as 
described for the four-cell stage. As seen from a face 
view, the EVL cells line up in about five irregular tiers 
between the animal pole and the margin. 

256-cell stage (2% h). A face view (Fig. 8A) at the 
end of the eighth set of cleavages reveals the EVL cells 
m about seven irregular tiers. The EVL cells thin out 
considerably during the interphase of this ninth cycle 
The deep cells substantially outnumber those of the 
iWL The ninth cleavage divisions are the last highly 
synchronous, or metasynchronous, ones to occur 

512-cell stage (2% h). Here begins midblastula 
transition; cell cycles lengthen gradually during the 
next several divisions (Fig. 9A). In face view, about 
nine somewhat irregular tiers of EVL blastomeres oc- 
cur between the margin and animal pole. During the 
last part of this stage and particularly as they enter the 
tenth mitosis, the marginal blastomeres (the first-tier 
JWL cells) begin to lose their lower borders where thev 
join the yolk cell (Fig. 10A.B). This morphogenetic 
change signals the beginning of formation of the YSL- 
the marginal cells specifically do not undergo cytoki- 
nesis following the tenth mitosis. This mitosis occurs 
with enough synchrony that one can still find a minute 
or so of time when all cells, including the yolk cell are 

mr^ ifo th u CClls have no inter Phase nuclei; Fig. 
IOC) The 512-cell stage is the last cycle when this is 
possible. 

Ik-cell stage (3 h). One can usually, but not always, 



see a YSL (F,g 10D), irregular in form and containing 
a total of about 20 nuclei within a single ring around 
the blastodisc margin. There are fewer than 1,024 blas- 
tomeres after division 10 because the first-tier (mar- 
ginal) EVL cells from the previous stage joined to- 
gether m the YSL. Moreover, because of the manner of 
YSL formation, the cells making up the first EVL tier 
at this stage are descendants of those that were in the 
second tier a stage earlier. 

In some embryos, the YSL forms over the course of 
two cycles, sometimes beginning a stage earlier and 
other times a stage later than the lk stage. 

About 11 tiers of cells occupy the EVL. The 11th set 
of mitoses occurs as a discernable wave passing 
through the blastodisc, and is the last one to do so 
During this wave, for the first time, many of the cells 
can be seen to be out of phase with their neighbors- 
some have and some do not have interphase nuclei. ' 

High stage (3Vs h). This stage marks the end of the 
Pfnod during whict i the blastodisc perches "high" upon 
the yolk cell (Fig. 8B.C). There is still a pinched ringa 
constriction, where the marginal cells meet the YSL 
One distinguishes the high stage from earlier ones by 
the appearance and numbers of both blastodisc cells 
and YSL nuclei. In side view there are substantially 

ZZ n M tlerS ° f . EVL Cells visible between the 
i B am L mal P 016 - In a °y re gi°n of the blas- 
todisc throughout this whole stage there are some cells 
in interphase and others in mitosis. Most blastodisc 
cells complete zygotic cell cycle 12, whereas a few com- 
plete cycle 13 during this stage. 

The YSL still has the form of a thin ring, but its 
outer edge, i.e., the edge away from the blastodisc, is 
now much smoother in contour. The YSL nuclei reap- 
er th61, ;. S ! l C0nd divisi °n without cytokinesis 
n X m V^° tlC dlVlslon) generally all still external 

l^r (FTg tO 10?) margin ' m ° re ^ P3Cked t °" 

tiS^fTJ** ^J* 6 animal -egetal axis of 
the blastula shortens, with the blastodisc compressing 
down upon the yolk cell, as one could imagine to result 
from a uniform increase in tension at the surface The 
constriction at the blastodisc margin that has been 
present since the elevation of nonyolky cytoplasm dur- 
ing the one-cell stage diminishes (Fig. 8C) and then 

ly outlined ellipsoidal shape, as viewed from the side, 

SrJr g !. - S • n . amed - f ° r this ob,on & sha Pe- The blas- 
tomeres are dividing highly asynchronously, many of 
them be ng ,n cycle 12 or 13. The EVL is by now ex- 

£3S^ n ; ai ! d .f areful observation with Nomarski is 
needed to detect its presence. 

The YSL is spreading deep underneath the blasto- 
disc, and spreading away from it as well. During their 
interphases the YSL nuclei form several rows^ome 
nuclei invariably in the I- YSL. 

Sphere stage (4 h). Continued shortening along the 
ammal-vegetal axis generates a late blastula of smooth 
and approximately spherical shape. The overall shape 
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then changes little the next several hours, well into the 
period of gastrulation, but cell rearrangements that 
begin now seem to occur more rapidly than at any other 
time in development. One distinguishes this stage from 
the dome stage that comes next by the appearance, at 
a very deep plane of focus, of the face between the lower 
part of the blastodisc and the upper part of the yolk 
cell, the I-YSL. At sphere stage specifically this inter- 
face is flat, or nearly flat (Fig. 8D). 

Many of the cells of the blastodisc are in cycle 13, and 
in the EVL this cycle is often extremely long, such that 
mitoses occur very rarely in the EVL. The E-YSL is 
often noticeably thinner than earlier, and most YSL 
nuclei are internal. The last of the YSL nuclear divi- 
sions occur. Frequently, dechorionated embryos begin 
to be oriented animal pole-upward, rather than lying 
on their sides as earlier. 

Dome stage (4Va h). Deep to the blastodisc the 
I-YSL surface begins to dome toward the animal pole 
(Fig. 8E). This prominent and rapidly occurring change 
in the interface between the yolk cell and the blastodisc 
represents the first sure sign that epiboly is beginning. 
EVL cells are in a long cycle 13, and many deep cells 
enter cycle 14. The E-YSL begins to narrow (Solnica- 
Krezel and Driever, 1994). The YSL nuclei are postmi- 
totic; i.e., in contrast to when they were in mitotic cy- 
cles just preceding dome stage, the nuclei are now 
always visible. They begin to enlarge, and one can see 
them quite easily. 

30%-epiboly stage (4*/a h). Epiboly, including 
doming of the yolk cell, produces a blastoderm, as we 
may now call it, of nearly uniform thickness (Fig. 
8F). It now consists of a highly flattened EVL 
monolayer (hard to see except by focusing exactly in 
the plane of the blastoderm surface with Nomarski 
optics), and a deep cell multilayer (DEL) about four 
cells thick. 

The extent to which the blastoderm has spread over 
across the yolk cell provides an extremely useful stag- 
ing index from this stage until epiboly ends. We define 
percent-epiboly to mean the fraction of the yolk cell 
that the blastoderm covers; percent-coverage would be 
a more precise term for what we mean to say, but per- 
cent-epiboly immediately focuses on the process and is 
in common usage. Hence, at 30%-epiboly the blasto- 
derm margin is at 30% of the entire distance between 
the animal and vegetal poles, as one estimates along 
the animal-vegetal axis. 

The blastoderm thickness is not exactly uniform in 
many embryos at this stage. Observing the marginal 
region from a side view, as the blastula is rotated about 
the animal-vegetal axis will reveal one region along 
the margin that is noticeably thinner and flatter than 
elsewhere. This particular region will become the dor- 
sal side of the embryo (Schmitz and Campos-Ortega, 
1994). We observe the asymmetry most easily using 
low-magification Nomarski optics. To distinguish the 
dorsal side with absolute confidence, however, one 
needs to await shield stage (6 h). 



GASTRULA PERIOD (SV^IO h) 
Epiboly continues, and in addition, the morphoge- 
netic cell movements of involution, convergence, and 
extension occur, producing the primary germ layers 
and the embryonic axis. 

The beginning of involution defines the onset of gas- 
trulation, and, so far as we have been able to tell, this 
occurs at 50%-epiboly (Fig. 11A). As a consequence, 
within minutes of reaching 50%-epiboly a thickened 
marginal region termed the germ ring appears, nearly 
simultaneously all around the the blastoderm rim (Fig. 
11B, arrow in C). Convergence movements then, nearly 
as rapidly, produce a local accumulation of cells at one 
position along the germ ring, the so-called embryonic ' 
shield (Fig. 11D, arrow in E). During these events, 
epiboly temporarily arrests, but after the shield forms, 
epiboly continues; the margin of the blastoderm ad- 
vances around the yolk cell to cover it completely (Fig. 
11F-L). The advance occurs at a nearly constant rate, 
over an additional 15% of the yolk cell each hour, and 
providing a useful staging index during most of gas- 
trulation (Fig. 12). 

Just as there was no blastocoele during the blastula 
period, there is no archenteron in the gastrula. Neither 
is there a blastopore; DEL cells involute at the blasto- 
derm margin, which thus plays the role of a blastopore. 
Involution produces the germ ring by folding the blas- 
toderm back upon itself. Hence, within the germ ring 
there are two germ layers: The upper, the epiblast, 
continues to feed cells into the lower, the hypoblast, 
throughout gastrulation. Note that these terms, epi- 
blast and hypoblast, are also used to describe layers of 
the avian embryonic blastoderm, but the layers so- 
named seem to be altogether different in these two 
kinds of vertebrate embryos. 

As a morphogenetic movement, involution at the 
blastoderm margin seems particularly well docu- 



Fig. 1 1 . Development during the gastrula period. Left side views ex- 
cept where noted, with anterior up and dorsal to the left. A: 50%-epiboly 
stage (5.25 h). B: Germ ring stage (5.7 h). C: Animal pole view of the 
germ nng stage; the arrow indicates the germ ring; the embryonic shield 
will probably develop from the flattened region of the ring at the lower 
nght. D: Shield stage (6 h). The embryonic shield, marking the dorsal 
side, is visible as a thickening of the germ ring to the left. E: Animal pole 
view of the shield stage; the arrow indicates the embryonic shield F* 
70%-epiboly stage (7.7 h). The dorsal side of the blastoderm, to the left, 
is thicker than the ventral side, to the right. The anterior axial hypoblast 
or prechordal plate (arrow), extends nearty to the animal pole G: 70%- 
epiboly stage, ventral view, but tipped slightly forward anteriorly to reveal 
the now well-delineated axial hypoblast (arrow) of the prechordal plate. 

75% -eP'boly stage (8 h). The arrow indicates the thin evacuation zone 
on the ventral side. 1: 80%-epiboly stage (8.4 h), dorsal view. The arrows 
indtcate the boundaries between axial mesoderm in the midline, and the . 
paraxial mesoderm flanking to either side. J: 90%-epiboly stage (9 h) 
The tail bud (arrow) becomes visible in some embryos at this stage. K: 
90%-epiboly stage, ventral view. The anterior prechordal plate (compare 
with G) enlarges as the polster. L: Bud stage (10 h). The arrow shows the 
polster, and the arrowhead shows the tail bud. A distinctive region just 
ventral to the tail bud (i.e., just to the left in this view) shows where the 
yolk disappears as epiboly ends. Scale bar - 250 am 
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Fig. 12. Idealized rate of advance of the blastoderm margin over the 
yolk cell during epiboly (at 28.5°C). Percent epiboly refers to the fraction 
of the embryo (blastoderm plus yolk cell) that is covered by the blasto- 
derm. After 6% h the rate is fairly constant, at about 15% epiboly per 
hour. We observed groups of about a dozen embryos developing to- 
gether to obtain the data, and here ignore variability among the embryos. 

mented for the rosy barb (Wood and Timmermans, 
1988), a small teleost that develops in many ways very 
similarly to the zebrafish. However, recently J.P. 
Trinkaus has obtained evidence (unpublished) that in 
Fundulus, a somewhat larger embryo, involution may 
not occur at all; rather, cells near but usually not just 
at the margin move from shallow to deeper positions as 
individuals, rather than in a rolling cell layer. This 
movement, termed ingression, could also happen in ze- 
brafish (J. Shih and S.E. Fraser, unpublished observa- 
tions), an issue for further study by high-resolution 
time-lapse analysis of whole cell fields of the sort done 
by Wood and Timmermans. 

As a consequence of the inward movement, a fissure, 
Brachet's cleft (Ballard, 1980), becomes visible with 
Nomarski optics (Fig. 13), or in sectioned material, be- 
tween the epiblast and hypoblast. We point out the 
location of the cleft in the drawing of the 75%-epiboly 
stage in Figure 1, although one cannot always locate it 
easily with the dissecting microscope (compare Figs. 11 
and 13). Cells may not normally mix between the epi- 
blast and hypoblast across Brachet's cleft (although 
they are able to so mix an experimental situation; see 
below). Cells in the two layers are streaming in differ- 
ent directions. Except for the dorsal region (see below), 
the epiblast cells generally stream toward the margin, 
and those reaching the margin move inward to enter 
the hypoblast. Then, as hypoblast cells, they stream 
away from the margin (Warga and Kimmel, 1990). The 
cells remaining in the epiblast when gastruiation ends 
correspond to the definitive ectoderm and will give rise 
to such tissues as epidermis, the central nervous sys- 
tem, neural crest, and sensory placodes. The hypoblast 
gives rise to derivatives classically ascribed to both the 
mesoderm and endoderm; Thisse et al. (1993) call the 
same layer "mesendoderm." Both names emphasize 



the absence of three separate germ layers at any stage 
during the gastrula period; only two are present. The 
hypoblast is only about one or two cells thick around 
most of the circumference of the embryo (Fig. 13), and 
it is presently unknown how this layer subdivides into 
endoderm and mesoderm. 

In the manner of lineage restrictions to the EVL that 
occurred at sphere stage at 4 h, about an hour later 
many but not all DEL cells become lineage-restricted 
to one or another tissue or organ-specific fate. The re- 
striction occurs about the time that gastruiation begins 
(Kimmel and Warga, 1987; Kimmel et al., 1990b, 
1994), and as for the earlier EVL restriction, this re- 
striction of DEL cells in the early gastrula seems un- 
accompanied by cell commitment (Ho and Kimmel, 
1993): If DEL cells are transplanted, as single cells[ 
from the marginal region that normally generates me- 
sodermal or endodermal fates, to the animal pole re- 
gion that normally forms ectodermal fates, they plas- 
tically regulate both their morphogenetic movements 
and their eventual fates, appearing indistinguishable 
from their new neighbors in both respects. The ability 
to developmentally regulate may involve dynamic reg- 
ulation of the activities of zygotically expressed pat- 
terning genes: Marginal cells specifically express the 
gene no tail ( ntl), the homologue of mouse TIBrachyury, 
that codes a nuclear protein (Schulte-Merker et al.* 
1992) essential for normal notochord development 
(Halpern et al., 1993; Schulte-Merker et aL, 1994). 
Cells transplanted from the margin to the animal pole 
rapidly turn off ntl transcription, and cells trans- 
planted in the opposite direction just as rapidly turn it 
on (Schulte-Merker et al., 1992). However, by the mid- 
dle of gastruiation the ability of the cells to regulate so 
plastically seems to be lost, because single cells trans- 
planted from the hypoblast to epiblast at this stage will 
rapidly leave their new positions, re-enter the hypo- 
blast, and develop a hypoblast-derived fate appropriate 
for just where they end up. To exhibit this behavior, the 
transplanted cells have to cross Brachet's cleft, and 
time-lapse analysis reveals that they accomplish this 
unusual relocation apparently without impediment 
(Ho and Kimmel, 1993). 

An organ- and tissue-level fate map is available for 
the onset of gastruiation (Fig. 14). The map is made by 
injecting single cells with lineage-tracer dye, and later 
ascertaining in what region of what organ the labeled 
descendants of the injected cell lie, and generally what 
differentiated type or types they have formed, as deter- 
mined from the cell shapes, sizes, and positions. Topo- 
logically the fate map is broadly equivalent to fate 
maps of other chordates, notably amphibians (Keller, 
1975; 1976; Dale and Slack, 1987), and also birds (Hat- 
ada and Stern, 1994) and mammals (Lawson et al., 
1991). Within the DEL, primary germ layers are 
mapped according to latitude (position relative to the 
animal pole and the margin), and tissue rudiments can 
be located with reference to both cell latitude and lon- 
gitude (the position relative to the dorsal midline). An- 
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*f&J ^ d0,Sal Side of me bla s»oderm in a midgastrula embryo at 
the 75%-eptoly stage. Nomarski optics. We positioned the embrXith 
.te vegetal pole up. slightly flattened it between wverslips. arSK 
obtom th,s opftcal section roughly midway between Ihi artn^JwJ 
etal poles. Hence the view here is along the embrvonir «J«Z£~-Z?* 
structures aUhe center. The ce.lufcr bfiEZ^^,^ 
cell, below. The EVL, vanishingly thin at this stage is invistote Lt S 
viable in surface view). The arrows indicate Brachet* deft K e E2 
boundary between the epiblast and hypoblast. The epiblast seems^ 




the epiblast and YSLtonhZJE, sandwicned **«*«« 

near {he arrows) Z^JZ^^T^ ^ *° regi ° n 



other notable feature, not apparent in the figure, is 
that position along the dorsal-ventral (DV) axil of the 
gastrula generally corresponds to later position along 
^e anterior-posterior (AP) axis of the pharyngula 
This ls the case for all three germ layers; eventual AP 
cell portions in the spinal cord (ectoderm), muscle (me- 
soderm) and gut wall (endoderm) all correlate with DV 

mlrtht 10 D n v in Ap h t e ^ gaStmla - ^"genesis to 
make this DV-AP transform is complicated and largely 
not understood Consider the neurectodermal fa* EE? 
We see complexity in that not only do the more anterior 
neural fates map to the dorsal side of the gastrula but 
also the more ventral cell types of the neural tubt' the 
motoneurons and floor plate, map to the same reun- 
ite dorsal side of the gastrula (Kimmel et al., 1990b) 
We discuss later how dorsal cells in the gastrula even- 
tually become ventral cells in the neural tube, buHust 

JfthefS f3teS SOrt 0Ut in tW- region 

of the fate map is simply unknown. Scattering of clon- 

durin? ated ? HS ^ heDCe Anally relafed cells) 

gen"!,r^ g H neSiS dm ? g and *** Elation 
generally precludes very fine-grained mapping but 

U993) "h? yS th t CaSG - F ° r exam P ,e > StaiSiefet a, 
tTul ™ ^ that sin * ,e late bla «tula cells con- 
tribute progeny to either the heart's atrium or ventricle 

infoTute^or SS" ^ (Kimmel et al - 1994 > *»■ 
mnni a d ° they a PP ear to converge, at least verv 
Z ft T gastruIati <>n- They continue to flatten 
S^^SSr by "f* ^ the vegetal 
Sentiate dirln *" earI y P° sltions . the EVL cells dif- 
terentiate directly as periderm, an extremely flattened 



protective outer single-cell layer covering the entire 
embryo The position of an EVL cell in the e£ly gas! 
trula fairly reliably predicts just where in the 
of a later embryo a descended clone will be locate? 
which is useful for certain cell lineage and fate map 
analyses (Kimmel et al., 1990b). P 
Near the time that involution begins, other DEL cell 

epiblast and hypoblast. During convergence cell* 
dor?,? 1 ^"t a " SG ? tore ° f the blastodermtowaVci tl 

ers ln the e ii^? a a V 0D f rCpaCk the Ce,ls in 
«nH 7, ,ateb ; a f t , ula th « intercalations were radial 
and accompanied blastoderm thinning (epiboly) The 

S'iSir r,™ diolaterai (Kei£r ™* S: 

oetts, 1989), they effect convergent extension, a nar- 
rowing and elongation of the primary embrTnic ax^ 
As gastru lation proceeds the cells undergo many S 
directional intercalations, such that fingle-"ab e "ed 
cfcnes descended from marked blastula fouTders bt 
come marked y spread apart. They form into Ion? dis- 
continuous strings of cells, oriented longitudinally 
(Warga and Kimmel, 1990b; Kimmel et al 1994? 

rhfr nat ,r ° f the embr y oni c shield visibly indicates 
hat rapid convergence movements have begun The 
shield ,s an accumulation and condensation DEL 
cells along a local stretch of about 30° of longitude 0 f 

et^H^' mark8 the future dorsa l «S of the 
embryo. Hence, when the shield forms one can reHablv 

WS*™: 0rie , ntati0n ° f t h * emb ^' s -Sal 
"J. f ls - Ce } ls involuting at the shield form the so- 
called ax,al hypoblast. Expression of the gene 
goosecoLd is a reliable marker of where the shieldmll 
form, and appears to label the earliest cells to involute 
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Fig. 1 4. Fate map of the deep cell layer (DEL) at gastrula onset, at the 
50%-epiboly stage before formation of the germ ring and hypoblast. The 
blastoderm now has the shape of an inverted hemispherical cup overlying 
the yolk cell (see Figs. 1 and 1 1B). EVL cells contribute exclusively to the 
periderm, and no embryonic fates have been rigorously shown to derive 
from the yolk cell, including its YSL. Hence all known embryonic fates 
derive from the DEL, and we do not know if there is mapping at this stage 
according to cell depth within the DEL. Ectodermal fates map nearest the 
animal pole, mesoderm maps in a broad marginal ring, and endoderm 
overlaps this ring just at the blastoderm margin. Not all organ rudiments 
are shown for the sake of clarity; e.g., the hatching gland maps to a dorsal 
marginal position overlapping that of the pharynx. Muscle is widespread 
along the lateral and ventral blastoderm near the margin, and endothe- 
lium derives from a still wider mesodermal domain including all longi- 
tudes—dorsal, lateral, and ventral. Stomach, pancreas, and swim blad- 
der map laterally, near the liver, and smooth muscle maps near the heart. 
The median and pectoral fins both map to or near the same ventral 
location. The basic outline of the map is reproduced from Kimmel et al. 
(1990b) with permission from Company of Biologists Ltd.; see also Kim- 
mel and Warga (1987) for ectodermal fates and changes along the DV 
axis, and see Stainier et al. (1993) for the heart. R. Warga contributed 
unpublished fate map locations for all of the endodermal organs, smooth 
muscle, and the fins. 



in the axial hypoblast (Stachel et al., 1993). These first 
cells, expressing goosecoid, stream anteriorward, and 
appear to correspond to precursors of the tetrapod pre- 
chordal plate. A principal derivative of the prechordal 
plate is the hatching gland, and the endodermal lining 
of the pharynx comes from the same region. Figure 14 
does not show these fates; they lie at the margin just 
beneath the notochord region. Cells of the notochord 
rudiment, the chorda mesoderm, then begin to involute 
at the dorsal midline only shortly after these earliest 
prospective prechordal plate cells, as the embryonic 
shield becomes more easily visible. 

Convergence and extension, involving cell mixing, 
and anteriorward cell migration are extreme within 
the embryonic shield and surrounding region. DEL 
cells in both layers of the early shield distribute along 
the entire length of the AP axis, from the pericardial 



region, ventral to the head, to the end of the tail. For 
example, axial cells in the shield epiblast can relocate 
anteriorward to form ventral forebrain (K. Hatta, un- 
published observations), becoming new neighbors of 
cells originally located at the animal pole, for much of 
the forebrain fate maps to the animal pole of the early 
gastrula (Kimmel et al., 1990b). Anteriorward move- 
ment in the axial hypoblast of cells deriving from the 
shield is similarly remarkable: To form the hatching 
gland, located on the pericardium (on the yolk sac ven- 
tral to the head), prechordal plate cells must first move 
anteriorward along the dorsal midline. Then they move 
under and in front of the forebrain anlagen, where, as 
gastrulation ends, they form a prominent pile known 
as the polster (arrow at the bud stage in Figure 1 and 
upper arrow in Fig. 11L). Eventually the hatching 
gland forms on the pericardial membrane, ventral to 
the head (arrow at the prim-6 stage in Fig. 1). How- 
ever, this last change, from a rostral to a ventral loca- 
tion, probably comes about with no real ventralward 
movement of these cells at all. Rather, head straight- 
ening that begins during the segmentation period (dis- 
cussed in detail below), would serve to lift the head 
rudiment upward dorsally and away from the position 
of the hatching gland primordium, where these axial 
mesodermal cells might passively remain. 

Axial mesoderm appears to have the potential to in- 
duce a second embryonic axis, as revealed in transplan- 
tation experiments involving cells of the embryonic 
shield of the early gastrula (Ho, 1992b). Hence, the 
embryonic shield, in terms of its inductive role demon- 
strated in these experiments, its dorsal marginal posi- 
tion in the embryo, and the fates it eventually gener- 
ates, is broadly equivalent to the amphibian organizer 
region of Spemann. 

As epiboly resumes (roughly 1V 2 hours after the be- 
ginning of gastrulation) and the shield extends toward 
the animal pole, one can clearly see that the blasto- 
derm is prominently thicker on the dorsal side than on 
the ventral side (Fig. 11F-H,J). This seems to be due to 
the presence dorsally of axial hypoblast, for sections 
through the gastrula reveal that the epiblast does not 
appear regionally distinctive until late in the gastrula 
period (Schmitz et al., 1993) (R.M. Warga, unpublished 
observations). About midway through gastrulation, the 
axial hypoblast becomes clearly distinct from paraxial 
hypoblast, which flanks it on either side (Fig. 111). 
Anterior paraxial hypoblast will generate muscles to 
move the eyes, jaws, and gills. More posteriorly, much 
of the paraxial hypoblast is present as the segmental 
plate that will form somites. 

The dorsal epiblast begins to thicken rather abruptly 
near the end of gastrulation, the first morphological 
sign of development of the rudiment of the central ner- 
vous system rudiment, the neural plate. The thicken- 
ing occurs anteriorly, and initially just at the mid- 
line, where the epiblast overlies axial mesoderm. The 
lateral borders of the neural plate remain morpho- 
logically indistinct at this time, in sectioned mate- 
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rial (Schmitz et al., 1993) as well as in the living em- 
bryo. 

We define the gastrula period as ending when epi- 
boly is complete and the tail bud has formed (Fig. 11L). 
However, this is purely operational, because gastrula- 
tion movements seem to continue in the tail bud after 
this time. DEL cells typically pass through cell cycle 15 
and enter cycle 16 during gastrulation. The YSL is 
postmitotic, and the EVL cells typically are in a long 
interphase of cycle 14. 



Stages During the Gastrula Period 

50%-epiboly stage (5*6 h). Epiboly displaces the 
blastoderm margin to 50% of the distance between the 
animal and vegetal pole. The margin remains at about 
this same position for about 1 hour (Fig. 12), the dura- 
tion of this stage and the next two. Hence, it is impor- 
tant to distinguish these early gastrula stages by ex- 
amining the thickness at and along the marginal 
region of the blastoderm. At this 50%-epiboly stage ra- 
dial intercalations have produced a blastoderm that is 
very uniform in thickness (Fig. 11 A). In particular, an 
animal polar view with a dissecting microscope will 
reveal that the blastoderm rim is not yet distinctively 
thickened. Many DEL cells are in late cycle 14. 

Germ-ring stage (5% h). The germ ring forms as a 
thickened annulus at the blastoderm margin, as one 
can discern in an animal-polar view (Figs. 1, 11C; ar- 
row). The germ ring appears nearly uniform in struc- 
ture around the entire circumference of the blasto- 
derm. Nomarski inspection, or sections of fixed 
embryos, reveal that within the germ ring the blasto- 
derm consists of two layers, in addition to the EVL. The 
epiblast is uppermost, and is about three cells thick. 
The hypoblast lies beneath the epiblast, directly adja- 
cent to the YSL. It is only about one to two cells thick. 
The yolk cell remains about half covered by the blas- 
toderm (i.e., epiboly remains at 50%). Many DEL cells 
are'completing cycle 14. 

Shield stage (6 h). An animal polar view most eas- 
ily reveals the embryonic shield, as well as the germ 
ring, !f one is using a dissecting microscope (arrows in 
Figs 1, HE). A side view reveals that both the epiblast 
and hypoblast are locally thickened at the shield (Fig 
11D). Epiboly remains at 50% until late shield stage 
when the yolk cell can be judged to be more than half- 
covered by the blastoderm. Many DEL cells are beein- 
ning cycle 15. 

Because the embryonic shield marks the eventual 
dorsal side of the embryo, and because cells at the an- 
imal pole will develop into head structures, one can 
reliably determine both the AP and DV axes for the 
irst time. From this stage onward, because we can 
distinguish dorsal from ventral views, we use "side 
view specifically with reference to the definitive em- 
bryonic axes. 

inS*"*^'^ 8tage (8 h) - Between about 60%- and 
100%-epiboly we estimate the extent of epiboly for the 
staging index and determine the standard developmen- 



tal age from the relationship in Figure 12. As epiboly 
continues the shape of the embryo itself becomes more 
along the animal-vegetal (approximately the AP) axis 
(Fig. 11F-J). 

The embryonic shield becomes less distinctive as 
compared to shield stage, as its cells repack to elongate 
the shield along the AP axis and narrow it mediolat- 
erally A ventral view reveals the anterior axial hypo- 
blast that will develop as the prechordal plate reaches 
the animal pole (Fig. 11G; arrow). A side view shows 
that the blastoderm is thinner than elsewhere on the 
ventral side, above the margin (Fig. 11H; arrow). This 
region is the evacuation zone; cells leave it by both 
epiboly and convergence (Ballard, 1981). In dorsal 
view the boundaries in the hypoblast between the ax- 
ial chorda mesoderm and paraxial segmental plate me- 
soderm become visible (Fig. HI; arrows) 

90%*piboly stage (9 h). The bit of uncovered yolk 
cell protruding from the neighborhood of the vegetal 
pole may now be considered a yolk plug (Fig 11I-K) 
The dorsal side of the blastoderm is very distinctively 
thicker than the ventral side (Fig. 11J). Careful inspec- 
tion with the dissecting microscope reveals Brachet's 
cleft between epiblast and hypoblast layers, particu- 
arly near, not just at, the dorsal midline. Cells have 
eft the ventral region by epiboly and by convergence 
toward the dorsal side, leaving behind an enlarged cell- 

vS^,^ 30 " 3 " 011 mne (located approximately at 
1U:U0 o clock in the side view shown in Fig 11J) The 
dorsal epiblast thickens anteriorly to form the neural 
plate (at 1:00 o'clock in the same panel), representing 
the brain anlagen. The prechordal plate extends just 
past the animal pole by 90%-epiboly (Fig. UK). Many 
DEL cells are in cycle 16, and the earliest postmitotic 
cells are present, including cells that will form the no- 
tochord, axial somite-derived muscles, and specific 
neurons in the hindbrain (Mendelson, 1986) 

Bud stage (10 h). Epiboly comes to a close as the 
blastoderm completely covers the yolk plug, defining 
100%-epiboly. Convergence and extension movements 
have spread the blastoderm across the yolk cell faster 
on the dorsal side than on the ventral side, and because 
of this asymmetry, the point at which the yolk plug 
disappears is not at the vegetal pole of the yolk cell, but 
somewhat ventral to it. 

Just dorsal to the site of yolk plug closure, and usually 
within 10-15 minutes of the closure, the posterior or 
caudal end of the embryonic axis develops a distinct 
swelling the tail bud, for which we name the bud stage 
(Fig. 11L, arrowhead). This region of cells may also 
contribute to posterior trunk, but the contribution is not 
a dramatic one, whereas a labeled cell in the tail bud at 
10 h invariably will contribute progeny to the tail 

Along the dorsal side, anterior to the tail bud, the 
neural plate is now thickened along the entire embry- 
onic axis; its more posterior cells will contribute to 
trunk spinal cord. The thickening is most prominent 
near the animal pole in the prospective head region 
where the head will form, and here the surface of the 
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Fig. 15 A-l. 



plate has a shallow midsagittal groove. Prechordal 
plate hypoblast accumulating deep to the anteriormost 
neural plate now forms a prominent bulge, or polster 
("pillow"; arrow in Fig. 11L) of postmitotic hatching 
gland cells, and possibly also giving rise to other fates. 
The polster, along with median epiblast cells of the 
neural groove, begins to indent the yolk cell's surface 
in the embryo's midline, as can be seen by looking 
along the embryonic axis. 



SEGMENTATION PERIOD (10-24 h) 

A wonderful variety of morphogenetic movements 
now occur, the somites develop, the rudiments of the 
primary organs become visible, the tail bud becomes 
more prominent and the embryo elongates (Fig. 15). 
The AP and DV axes are unambiguous. The first cells 
differentiate morphologically, and the first body move- 
ments appear. 
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Rg. 15. Development during the segmentation period. Left side 
views, except where noted, with anterior up and dorsal to the left. A: 
Two-somite stage (10.7 h). Somite 2 is the only one entirely pinched off 
at this time, the arrow indicates its posterior boundary. Somite 1 is just 
developing a clear anterior boundary at this stage. B: Two-somite stage, 
dorsal view. The notochord rudiment shows between the arrows, just 
anterior to the level of somite 1. C: Two-somite stage, ventral view.' The 
arrow indicates the polster. D: Four-somite stage (11.3 h). Somite 1 now 
has an anterior boundary. The optic primordium begins to show (arrow). 
E: Four-somite stage, dorsal view ; focus is on the notochord at the level 
of the boundary between somites 2 and 3. Note at the top how the brain 
rudiment and underlying axial mesoderm prominently indent the yolk cell 
m the midline. F: Five-somite stage (1 1 .7 h), ventral view, focus is on the 
newly forming Kupffer's vesicle (arrow). G: Eight-somite stage (1 3 h). The 
optic primordium has a prominent horizontal crease (arrow). The mid- 
brain rudiment lies just dorsal and posterior to optic primordium. The 
segmental plate, developing paraxial mesoderm posterior to the somite 



row, is clearly delineated. H: Thirteen-somite stage (15.5 h). Somites 
begin to take on a chevron shape. The yolk cell begins to look like a 
kidney-bean, heralding formation of the yolk extension. The tail bud be- 
comes more prominent and Kupffer's vesicle shows from the side (ar- 
row). I: Fourteen-somite stage (16 h), dorsal view, and positioned so that 
the first somite pair is at the center. Note at the top the shape of the brain 
primordium, at the level of the midbrain. J: Fifteen-somite stage (16 5 h) 
The arrow shows Kupffer's vesicle. K: Fifteen-somite stage from a dorsal 
view to show the optic primordta. Kupffer's vesicle is also nearly in focus 
L: Seventeen-somite stage (17.5 h). The otic placode begins to hollow 
The yolk extension is now clearly delimited from the yolk bail as the tail 
straightens out. M: Twenty-somite stage (19 h). The arrow indicates the 
otic vesicle. N: Twenty-five-somite stage (21.5 h). The telencephalon is 
prominent dorsally, at the anterior end of the neuraxis. 0: Twenty-five- 
somite stage, dorsal view. The hindbrain's fourth ventricle shows at the 
top. Scale bars = 250 »im. 



We might have called this period the "tail bud pe- 
riod" because the tail bud appears at the caudal end of 
the lengthening axis during the whole time. Indeed, 
because tail morphogenesis is so prominent during this 



period of development, simply noting the overall shape 
of the embryo is a surprisingly effective way to deter- 
mine its stage. Furthermore, as the tail extends, the 
overall body length of the embryo very rapidly in- 
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od^L 1 , ^ ,ength 38 a functi0n of time of development (at 
28.5°C). Embryo length, at any stage, refers to embryo s longest dimen- 
sion. Approximately no change in length occurs during the first 16 hours 
(through the 14-somrte stage). Tail and then head straightening produce 
a lengthening of about 125 *m/hr between 16 and 32 h. Then lengthen- 
ing due to growth, occurs at an approximately constant rate of about 20 
M-m/hr through the remainder of embryogenesis (and into the early larval 
penod; not shown). We took the measurements with an ocular graticle 
us.ng , a dissecting microscope. Each data point represents the mean' 
engtf, in groups of embryos (generally 5-15; not less than 3) developing 
together. Data from several separate experiments are included in this 
figure. 



creases, reasonably linearly, such that length is a 
fairly useful staging index after about 15 h (Fig 16) 
Embryo length (EL), at any stage, refers to the em- 
bryo s longest linear dimension. This is important to 
understand for reference (to Figs. 1 and 15) will show 
that the tail does not extend directly opposite to the 
head. Rather, the extending axis (on the dorsal side) 
curls around the original vegetal pole, incorporating 
cells that were ventrally located in the gastrula and 
eventually the tail bud grows toward the head The 
direction reverses during the latter part of the segmen- 
tation period, for as the tail lengthens it rapidly 
straightens (Fig. 15L-N). Straightening of the head 
occurs later, for the most part during the next devel- 
opmental period, the pharyngula period. 

Somites appear sequentially in the trunk and tail 
and provide the most useful staging index (Fig 17)' 
Anterior somites develop first and posterior ones last' 
ine earliest few somites seem to form more rapidly 
than later ones, and we approximate the rate at 3 per 
hour for the first six, and 2 per hour thereafter at our 
'™ temperature (Hanneman and Westerfield, 
1989). Figure 18 shows the curve, but if one keeps in 
mind that 18 somites are present at 18 h and two form 
per hour over most of the period, then the figure is 
unnecessary. To accurately determine somite number 
use Nomarski optics, and include in the total the last 
(posterior-most) somite that appears to be fully see 
mented (see Fig. 17). The earliest furrow to form is the 
one posterior to the first somite, not anterior to it as as 



one might think. The anterior margin of the first 
somite becomes visible not long afterward, roughly co- 
incidental^ with the formation of somite two 

Shortly after each somite forms, its surface appears 
epithelial. The epithelium surrounds a more mesen- 
chymal region (e.g., the third somite in Fig. 17A the 
last two somites in Fig. 17D). The large majority of the 
interior cells m each somite will develop as a myotome 
sometimes termed a myomere), or muscle segment 
Fig. 17C; see also below, Fig. 34B). Myotomes retain 
the metamenc arrangement of the somites, adjacent 
myotomes becoming definitively separated by a trans- 
verse myoseptum consisting of connective tissue 

In some vertebrates, including some teleosts, the ear- 
liest somites seem to be transient structures. However 
a cell marked with lineage tracer dye in an early ze^ 
brafish somite (e.g., at the three-somite stage) produces 
^ 5 the corres P° ndi *g myotome later 
Hu' 11 ?? U £' there are no tran sient somites in the 
zebrafish; the first somite forms the first definitive my- 
otome and so on. 

The earliest cells to elongate into muscle fibers ap- 

HuZ t°hl e "7 fr °£ 8 P?* ° f the medial ""^ epithe- 
ium,the adaxial region (Thisse et al., 1993) adjacent 
to the developing notochord, and in the middle, dor- 
soventrally of each somite. The precocious subset of 
adaxial cells may include a special cell class, the mus- 
cle pioneers (Felsenfeld et al, 1991), recognizable by 

?o5f n ^ l eXpreSSi , 0n ° f specific ™**«b (Hatta et aL 
lyjJla). The muscle pioneers are so named because of 
their early development, and the name does not imply 
that they play any necessary morphogenetic role such 
as that shown for muscle pioneers in insects (Ho et al., 
1984) which have many different features from the 
muscle pioneers in zebrafish. As the muscle pioneers 
elongate, the myotome takes on a chevron shape The V 
points anteriorly, with the muscle pioneers present at 
its apex (Fig. 17C). Later a horizontal myoseptum de- 
velops at the same position. 

A second derivative of the somite is the sclerotome 
giving rise to vertebral cartilage. In a young somite,' 
the .sclerotome cells develop ventromedial^ in the 
somitic epithelium. Late in the segmentation period 
the sclerotome cells delaminate, take on a mesenchy- 
mal appearance and migrate dorsally, along a path- 
way between the myotome and notochord (personal 
communication, B. Morin-Kensicki). 

We do not know if a dermatome also develops from 
somitic cells. 

Pronephric kidneys develop bilaterally deep to the 
third somite pair. They are difficult to visualize in the 
hve preparation until later in development when they 
enlarge and hollow out, but their ducts, the pronephric 
ducts, are easy to see (Fig. 20). Each pronephric duct 
pnmordium at first without a lumen, grows posteri- 
l d H T« the f earl y of the period, and ventrally 
around the posterior end of the yolk sac extension (see 
below), to reach the ventral midline site near the fu- 
ture anus where the bilateral pair of ducts will join 
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Fig. 17. Somite morphogenesis. Left-side Nomarski views, dorsal to 
the top, anterior to the left. A: The anterior-most somites (somites 1-3) 
at the 9-somite stage (13.5 h). B: The posteriormost somites, somites 8 
and 9, at the same stage. The tenth somite is just beginning to form and 
appears as a circumscribed region, that might be called a "somitomere" 
(Martindale et al., 1987), within the paraxial mesodermal segmental plate 
Pinching off of the posterior border of this nascent tenth somite is not yet 
evident; we do not count the somite for staging purposes until pinching off 
seems complete. C: Myotomes 1-3 have developed from the first three 
somites (compare with A) and hence we give somites and myotomes 
corresponding numbers. The view is of the prim-15 stage (30 h). Trans- 
verse and horizontal myosepta are prominent, and differentiated muscle 
fibers run obliquely through the entire length of a myotome; their cross- 
stnations are evident More posterior myotomes are much more promi- 



TTS^J^/* 8 - 88 Rg ' MB) - 0: ne last »«• somites at the 
ZfZT s,a 9 e («"^Pare with B). Somite 20 begins to pinch off; notice 
that the segmental plate is more epithelial-looking than earlier. The most 

h^Sf i JSliTT- " e iUSt d ° rSal ,0 deveto P in 9 blood cells in the 
blood stand, which in turn is just above the rudiment of the pronephric 
duct at the arrow (and which does not have a lumen at this staged The 
duct will open to the exterior just beneath the position that somite 19 now 

^ SOmiteS devel °P irt0 ^'^es they elongate 
c^siderably along the AP axis: This brings myotome 17 into the posrtion 
, ,~ !?!" °' ^ P™^"™ *** (and later the anus), by trrcWs 
stage (24 h), and it brings myotome 15 to the same location by the end 
of embryogenesis. Scale bar = 50 jim. 



together. The lumen appears, and eventually the ducts 
open to the outside. 

The notochord differentiates, also in an AP sequence. 
Some of its cells vacuolate and swell to become the 
structural elements of this organ (Fig. 21, and compare 
with Fig. 34C below), and others later form a notochord 
sheath, an epithelial monolayer that surrounds the or- 
gan. 

The endoderm becomes morphologically distinctive 
at about the onset of the segmentation period, as re- 
vealed in sections through the trunk (personal commu- 
nication from R. Warga). At first, only a few rather 
disorganized-looking cells can be identified as being 
endodermal by their positions; they contact the YSL at 
or near the midline on the dorsal side of the embryo 
deep to the main part of the hypoblast. During this 



period more endodermal cells appear and form a more 
compact and orderly looking epithelial arrangement 
kndoderm may develop on only the dorsal side of the 
embryo, beneath the axial and paraxial mesoderm 

The epiblast, now exclusively ectodermal, undergoes 
extensive morphogenesis during the segmentation pe- 
riod. As gastrulation ends, the primordium of the cen- 
tral nervous system, the neural plate, is already fairly 
well delineated, because of its prominent thickness. In- 
deed expression of putative patterning genes, e e 

rfooi? X i° by t nd J ° Wett ' 1993) an d/**2 (Krauss et 
a ., 1991) show that the neural plate is already region- 
alized as the segmentation period begins. The anterior 
region where the brain will form is particularly thick 
(*ig. 15B.C). Whereas the epiblast of the early and 
midgastrula appears several cells thick (Fig. 13), label- 
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Fig. 18. Idealized rate of somitogenesis (at 28.5°C; from the data of 
Hanneman and Westerfield, 1989). It is useful to remember that there are 
18 somites at 18 h, and the usual increase is two per hour. However, at 
first (between 10 and 12 h) three somites form per hour. Count only the 
number of fully formed somites to obtain the total. 



ing studies (Papan and Campos-Ortega, 1994) reveal 
that by the late gastrula period the epiblast becomes a 
monolayer, a pseudostratified epithelium. The thick- 
ness of the neural plate is due to the fact that its cells 
take on a columnar shape, whereas the more lateral 
and ventral ectodermal cells, in the epidermal primor- 
dium, remain cuboidal (diagrammed in Fig. 22A). For- 
mation of the neural tube then occurs by a process 
known as "secondary neurulation," as recently studied 
in the zebrafish by Papan and Campos-Ortega (1994). 
Secondary neurulation contrasts with "primary" neuru- 
lation, the textbook version of neurulation in verte- 
brates where a hollow tube forms from the neural plate 
by an uplifting and meeting together of neural folds. In 
teleosts the lumen of the neural tube, the neurocoele, 
forms "secondarily," by a late process of cavitation. An 
intermediate and transient condensed primordium 
with no lumen, the neural keel, forms first (Fig. 15E). 
The neural keel rounds into a cylindrical, still solid 
neural rod (Figs. 15K, 21A), and only afterward hol- 
lows into the neural tube (Fig. 150, 21B). 

More covertly, primary and secondary neurulation 
are similar to one another (Papan and Campos-Ortega, 
1994). The neural plate transforms topologically into 
the neural tube in fish in the same way it does in am- 
phibians, as revealed by fate mapping in salmonids 
(Ballard, 1973) and zebrafish (Kimmel et al., 1990b), 
where it has now been studied in detail (Papan and 
Campos-Ortega, 1994). The medial part of the neural 
plate (originally from dorsal epiblast in the gastrula) 
forms ventral structures in the neural tube, and the 
lateral part of the plate (from lateral and ventral gas- 
trula epiblast) forms dorsal tube. The similar transfor- 
mation occurring in primary and secondary neurula- 
tion is due to what seems to be fundamentally similar 
morphogenesis; the neural keel develops by a process of 




Fig. 19 Demonstration with lineage tracer that somite 3 makes my- 
otome 3. The images combine fluorescence due to intracellular* injected 

^ n ^ e fu n and bri 9 nffield (see Schilling and Kimmel, 1994, for 
method). The labeled cell in somite 3 (injected with lineage tracer at the 
five-somite stage in A) differentiates into an elongated muscle fiber span- 
ning myotome 3 (at the protruding-mouth stage in B). The white arrow- 
heads in both panels show the posterior borders of somites (myotomes) 



epithelial infolding at the midline, equivalent to the 
folding of the plate in primary neurulation of amphib- 
ians (Papan and Campos-Ortega, 1994). The cells re- 
main epithelial throughout neurulation in both types 
They converge toward the midline, and then, in the 
zebrafish, they tip obliquely on both sides of the mid- 
line m a manner that indicates infolding (Fig 22B) 
paralleling the neural folds in primary neurulation' 
The original outer surfaces, the apical ones, of the ep- 
ithelial cells from the left and right sides of the neural 
plate then meet to form the midline of the developing 
neural keel, and subsequently the midline of the neu- 
ral rod (Fig. 22C). It is then that these apical surfaces, 
rather late during the segmentation period, pull away 
from one another to form the neurocoele. This process 
begins at the floor plate (Fig. 21), a distinctive row of 
cells occupying the neural primordium's ventral mid- 
line (Hatta et al., 1991b). 

Because the times of neurulation and segmentation 





anuf fn™« ^ M dUCt m ° r P h °9 enesi s near the region where the 

it« a £ S ' de Nomarskl dor sal to the top. anterior to the 

h^int m , S ° mi,e S,age (19;S h) 106 P™ephric duct (arrow), not 

2" Si? COurees around ,ne P° s,erior ™* o' «he yolk exten- 

wTon^n iMS ' above - is P° steri ° r 'o 'he site where the duct 

stlJ fZ m * outslde ' and J U8t ven,ral to ,ne somttes ' 8: By the prim-5 
stage (24 h) the pronephnc duct (arrow) has a lumen all along its length 

1^ OP** 18 to «he o^ide. A bright crystalline inclusion is presort 
wrtrun .t; th,s .s not unusual to see. Scale bar = 50 urn for A.B 39~m 




Nn F I=„ 2 J" The , ne " ral ***** ,orms b V cavitation. Matched left side 

ooraai to the top and anterior to the left. The floor plate (f) of the devel- 
oping spmal cord lies immediately dorsal to the noWhord S) whSln 

Sins ,«"" ^ P0Ch0fd (h) " A: Ca * ,a,ton * ^e ^ural^fu " 
a . i" M r ,e Stage (18 38 *• ,to0 ' P^te develops a dis 
hnct ve dorsal boundary. B: The central canal (c) then rapidly appears at 
th« locahon. 21-somite stage (19.5 h). Notice the entargir* i\SSS2 
w.th,n the notochord cells at the same time. Figure 34C showsTlat* 
stage in these developments. Scale bar = 50 ^ 



overlap so extensively the zebrafish does not have a 
distinct neurula period" of development, such as oc- 
curs largely before segmentation in amphibian em- 
bryos Another prominent difference between zebrafish 
and Xenopus, revealed by labeling studies, is that in 
the amphibian one side of the neural plate forms the 
corresponding lateral wall of the neural tube, whereas 
in the zebrafish cell divisions occurring in the midline 
iTo^f 1 / orm J ation 'typically division 16; Kimmel et 
al., 1994) often distribute sister cells originating from 
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Fig. 22. Early morphogenesis of the neural primordium. Diagram- 
matic transverse sections, redrawn from Papan and Campos-Ortega 
(1994). The neural plate (A, ca. 10 h) develops into the neural keel (B, ca. 
13 h) by infolding at the midline. The keel in turn rounds into the cylin- 
drical neural rod (C, ca. 16 h). 



one side of the neural plate to both sides of the neural 
tube. We presently do not understand the significance 
of this redistribution. 

Even before cavitation, the anterior part of the neu- 
ral keel that will form the brain undergoes regional 
morphogenesis. At the beginning of the segmentation 
period, the brain rudiment, although larger than the 
spinal cord rudiment, appears uniform along its length 
(Fig. 23A). Then, during the first half of the segmen- 
tation period, about ten distinctive swellings, termed 
neuromeres, form along it (Fig. 23B). The first three 
are large, and become prominently sculptured. They 
correspond to the two forebrain subdivisions, the dien- 
cephalon and telencephalon, and the midbrain or mes- 
encephalon. Additionally, the rudiments of the eyes, 
the optic primordia, develop very early from the lateral 
walls of the diencephalon (Figs. 15D, 24), eventually 
giving a very lovely arrowhead-like shape to the brain 
rudiment in dorsal view (Fig. 15K). During the last 
part of the segmentation period the ventral dienceph- 
alon expands as the primordium of the hypothalamus, 
and the primordium of the epiphysis appears as a 
small, well-delineated swelling in the midline of the 
diencephalic roof (Fig. 23C). The midbrain primordium 
subdivides horizontally to form the dorsal midbrain 
(optic) tectum and the ventral midbrain tegmentum 
(see below, Fig. 30B). 

The remaining seven neuromeres, termed rhom- 
bomeres (rl-r7), subdivide the hindbrain (Figs. 23B,C, 
25). The primordium of the cerebellum forms near the 
end of the period as a very prominent dorsal domain in 
the region of the hindbrain-midbrain boundary. 
Associated with the neural primordium are changes 



in its periphery. Neural crest, its early position indi- 
cated by expression of the homeobox gene dlx3 (Aki- 
menko et al., 1994), delaminates and migrates from the- 
dorsolateral wall of both the brain (Fig. 26) and spinal 
cord primordia, beginning at neural keel stage, and 
continuing well after the tube has appeared. Just ad- 
jacent to the keel, thickened ectodermal placodes ap- 
pear bilaterally at specific locations, also predicted by 
dlx3 expression (Akimenko et al., 1994) within the 
head region, and later form sensory tissues (Figs. 26 
27). They include the olfactory placode overlying the 
telencephalon, the lens placode, associated with the op- 
tic primordium, and the otic (ear) placode overlying 
rhombomere 5 of the hindbrain (Figs. 25, 27). 

Following closely upon the early morphogenesis of 
the neural tube, the first neurons begin to differenti- 
ate, and in comparison with what will come later the 
pattern of cells and axonal pathways is not overwhelm- 
ingly complicated. So far as we know all of the early 
developing cells, termed "primary neurons" (Grunwald 
et al., 1988), develop large cell bodies, and extend long 
axons that project between different regions of the neu- 
ral tube (e.g., between the hindbrain and spinal cord), 
or, in the cases of sensory neurons and motoneurons' 
between the neural tube and the periphery. Early sen- 
sory neurons, which will mediate tactile sensibility 
are located bilaterally both in a discontinuous dorsal 
column in the spinal cord (Rohon-Beard cells) and in a 
ganglion (trigeminal) in the head. Beginning at about 
16 h the peripheral sensory axons extend to blanket the 
skin, and the central axons from the same neurons pi- 
oneer a single long tract located dorsolateral^ along 
the wall of the neural tube (Metcalfe et al., 1990) Mo- 
toneurons differentiate in the ventral spinal cord only 
slightly later (Eisen et al., 1986; Myers et al., 1986) A 
marvelous feature of their development is that as in- 
dividual motor axons grow out to meet the developing 
myotomal muscle cells, the axons elicit contractions in 
the muscle, presumably by transmitter release from 
the growth cones (Grunwald et al., 1988). Hence at this 
time an observer can very easily appreciate just where 
these neurons are in their development. The primary 
motoneurons have been particularly well studied. 
There are three, and sometimes four (Eisen et al., 
1990), of them in each spinal hemisegment, and their 
axons grow without error along precise pathways to 
innervate restricted domains within the overlying my- 
otome (Myers et al., 1986). By carrying out meticu- 
lously timed transplantations of single postmitotic 
cells to new locations in the ventral spinal cord, Eisen 
(1991) has shown that position of the motoneuronal cell 
body plays a crucial role in specification of its identity, 
which becomes fixed 1-2 hours before axonogenesis. 

The centrally located interneurons form a relatively 
simple pattern at first, one that is clearly related to the 
neuromeric organization of the neural tube. Bilateral 
pairs of single interneurons or small clusters of them 
begin to differentiate at the centers of each of the brain 
neuromeres indicated in Figure 23B (reviewed in Kim- 



period a: vfS no,1« ' he H a , in "'I" 18 "' dunn 9 ,he segmentation 
SmfS 1? " ot see "'O'Pho'ogical subdivisions at the six-somite 

flSTSTt* 8 ,elence P nal °" O). diencephalon (D), mesenceohalon 
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/< ^ 9 u ° ptic P rimordium is we " ^rm&i at the nine-somite stage 

(13.5 h). Left-side Nomarski view, dorsal to the top, anterior to the left In 
the fashion of the neural rod itself, the optic primordium is a solid tissue 
at this time, not a hollow vesicle. A hint of a seam runs across it that 
precedes development into the optic cup. Scale bar = 50 nm 



mel, 1993), and in each segment of the spinal cord 
(Bernhardt et al., 1990). Primary interneurons in both 
the spinal cord and hindbrain are individually identi- 
fiable. The timing of interneuronal development is 
generally not known as precisely as for the sensory 
neurons and motoneurons, but the earliest central ax- 
ons appear at nearly the same stage as the peripheral 
ones. These central axons form a simple scaffold, orga- 
nized orthogonally (Wilson et al., 1990; Chitnis and 
Kuwada, 1990; Metcalfe et al., 1990): A primary bilat- 
eral pair of ventral longitudinal tracts extend through 
the length of the brain and spinal cord, with the two 
sides connected by commissural axons crossing the 
midline. Each set of interneurons, or in the hindbrain 
and spinal cord each individual interneuron, pioneers a 
part of this system or joins to it in a way that is highly 
stereotyped (e.g., Wilson and Easter, 1991), apparently 
matching the precision of motor axonal pathfinding in 
the periphery. Notably, when and where the cells de- 
velop and where their axons extend correlate closely 
with the spatial domains and temporal patterns of ex- 
pression of regulatory genes, including genes of the 
pax, krox, eph, forkhead, and wnt families (Macdonald 

^Qcfiv 1994; KraUSS Gt aL ' 1991; 0xtoby and Jowett > 

Function follows upon morphological development of 
the neuronal systems, and the early pattern of synaptic 
interconnections between the neurons seems also to be 
very precise. In a particularly clear example, an iden- 
tified dendrite of a specific interneuron, the Mauthner 
neuron located in the hindbrain's fourth rhombomere, 
begins to extend late in the segmentation period (18 h), 
nearly simultaneously with the arrival to it of a set of 
axonal growth cones coming from trigeminal sensory 
neurons. As the dendrite begins its outgrowth it tightly 
envelops the small bundle of growing sensory axons 
and at that location specifically, just at the base of a 
dendrite which eventually becomes quite long, syn- 



apses are made (Kimmel et al., 1990a). This connection 
appears to be a key one in a reflexive relay between 
primary sensory neurons in the head and primary mo- 
toneurons in the spinal cord, to which the axon of the 
Mauthner cell projects. The behavioral reflex, a motor 
response to a light touch to the head, becomes apparent 
a few hours later. 

Ventrolaterally to the brain primordium, and largely 
posteriorly to the eye, a primordium appears that will 
form the series of pharyngeal or visceral arches. In- 
cluding an inner epithelial lining of pharyngeal endo- 
derm, the pharyngeal arches derive from all three 
germ layers, head neural crest contributing promi- 
?ooT » J 6 ar ° h mesench yme (Schilling and Kimmel, 
both morphogenesis and differentiation of the 
pharyngeal walls occur most dramatically later, during 
the hatching period. 

The pharyngeal arches and rhombomeres are visible 
components of the head segments, as the somites are 
compontents of the trunk and tail segments Early 
head mesoderm might also be segmentally organized 
but we have no evidence for it. Head mesodermal con- 
densations and vesicles, such as described classically as 
preotic somites" from sections of embryos of sharks 
and other kinds of fish, have not been found in teleost 
embryos, as confirmed in a recent reinvestigation 
(Horder et al., 1993). On the other hand, head meso- 
dermal somitomeres" were characterized in an SEM 
study of the medaka, Oryzias (Martindale et al 1987) 
a teleost fish distantly related to the zebrafish Head 
mesodermal segments, if present in early zebrafish em- 
bryos, are not readily visible in live material. 

Stages During the Segmentation Period 

One-somite stage (10*/ 3 h). The first somitic furrow 
forms usually, but not invariably, after both comple- 
tion of epiboly and the initial appearance of the tail bud 
(*ig. 15A). This furrow marks the boundary between 
what will become the first and second somites. Viewing 
the embryo along the axis from the anterior pole re- 
veals the now very prominent polster deep to the neu- 
ral plate (Fig. 15C, arrow). 

Five-somite stage (11% h). The first five to six 
somites appear at the rate of about three per hour The 
length of the embryo is about 0.8 mm, the same as the 
zygote. 

The brain primordium has now distinctively thick- 
ened into the neural keel (Fig. 15E.F), and beginning 
at tne four- or five-somite stage one can first distin- 
guish the optic primordium from a side view (Figs. 
15D 24) or a dorsal view. In the trunk the neural plate 
is still present, and sections reveal that it has three 
pronounced thickenings at this stage, a bilateral pair 
Hanking a median one. Neural keel formation occurs 
m the anterior trunk between the six- and ten-somite 
stages (Schmitz et al., 1993). 

Kupffer's vesicle makes its appearance deep to the 
tail bud (Fig. 15F, arrow; Fig. 28B) This structure, 
tound only m teleost embryos, is transient, and its sig- 
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Fig. 25. Rhombomeres 2-6 at the 18-somite stage (18 h) Left-side 
view with dorsal to the top and anterior to the left. ?he ode J-numbeS 
rhombomeres 3 and 5, are larger than the even-numbered ones, and in 
Zn!^ , me rhombomere s are exceptionally prominent. The 
Nomarski view focuses on the left wall of the hindbrain. and the right wall 
is also ve.ble behind it. The hindbrain roof opens just before this stage 



■.4*'- 




ETEu , n0W lar9e ,0Urth venfricle be,ween "» <w° brain walls The 
left hollow ohc vesicle (o), containing two tiny newly forming otorths ; is 

oHhen^l 6 b T 31 ^ ,6Vel °' ^mere 5 S Mesenchyme 
of the pharyngeal arch primordia lies more ventrally (see Rg. 31) From 
Hanneman et al. (1988). Scale bar = 50 urn. 



mficance has been debated in the older literature 
Kupffer, who discovered it, thought it might be an al- 
lantoic rudiment (see Brummett and Dumont, 1978) 
Recent fate mapping studies show that the epithelial 
cells lining the vesicle will later form tail mesodermal 
derivatives, including notochord and muscle (Melby et 
3.1, 1993). 

By the eight-somite stage Nomarski optics reveal the 
early rudiment of the pronephros, and migration of 
cephalic neural crest cells. 

14-somite stage (16 h). Extension of the tail rudi- 
ment barely begins to elongate the embryo (Figs 
15H,I, 16); its length (EL) is about 0.9 mm. The small 
trigeminal placode (Fig. 26A) and more distinctive otic 
placode (Fig. 27A) are present beside the hindbrain 
rudiment, the latter about midway between the optic 
vesicle and the first somite. One can readily distin- 
guish four prominent subdivisions of the brain, the 
telencephalon, diencephalon, midbrain, and hindbrain. 
1 he fourth ventricle barely begins to inflate the dorsal 
hindbrain, and five rhombomeres, r2-r€, become visi- 
ble in a dorsolateral view (Fig. 25). Rhombomere r5 lies 
deep to otic placodes. In the trunk the neural keel 



rounds into the neural rod, still without a cavity, but 
now overridden by adjacent epidermis (Papan and 
Campos-Ortega, 1994). Neural crest migration is un- 

STiqq^ h A lu e hCad (Fig " 26; Schillin g and Kim- 
aTd^n! SS£* tmnk fRaibIe 6t al " 1992; *** 

,J°™£ S n °7 at a rat * of about two per hour 
* ° Ider ones be S in to develop the myo- 

tomes. They take on the V-shaped appearance that in- 
dicates the future division of the myotomes into the 

rlSE 1 ?r i ial ! 1 and Ventral ' h yP a xial> muscle masses 
l*ig. 17C). In the center of the anterior myotomes a 
view with polarized light reveals early birefringence, 
owing to myofibrillar development, of two to six elon- 
ft al d ^ entiatin & muscle P^neer cells (Felsenfeld 

The notochord becomes more distinguishable from 
the ventral part of the neural keel, as can be appreci- 
Sf'" a Meeting microscope view along the axis. 
With Nomarski optics one can see that the notochord 
cells show a characteristic «stack-of-pennies" appear- 
ance (Fig. 21, also see Fig. 28C for the tail tip at a later 
developmental stage). 
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Fig. 26. Cells of the trigeminal placode (arrow in A, the 9-somite 
stage at 13.5 h) will form sensory neurons of the trigeminal ganglion 
(arrow in B, 18-somite stage at 18 h). Peripheral axons are visible to the 
lower left. Left-side Nomarski views, dorsal to the top, anterior to the left 
The primordium is located dorsolateral to the hindbrain between the optic 
and otic primordia. Cranial neural crest cells are visible migrating near the 
trigeminal primordium at both stages. Scale bar = 50 urn. 

A characteristic constriction that is important for 
staging appears in the posterior region of the yolk, 
where the tail bud ends, and gives the yolk a kidney 
bean shape (Fig. 15H). The constriction rapidly becomes 
more prominent (Fig. 15J) and squeezes progressively 
more anteriorwards (Fig. 15L). The constricted region 
develops into the thinner and cylindrically shaped pos- 
terior elongation of the yolk sac, the yolk extension 
(Milos and Dingle, 1978). The shape of the yolk exten- 
sion will continue to distinguish it from the anterior 
region, the yolk ball. 

The tail bud now begins to protrude away from the 
body of the embryo, and Kupffer's vesicle is a promi- 
nent feature at its base (Figs. 15H,J (arrow), K, 28B) 



20-somite stage (19 h). Morphogenesis associated 
with the constriction of the yolk begins to straighten 
out the posterior trunk, and this, along with continued 
development of the tail, produces a marked increase in 
the length of the embryo to an EL of 1.4 mm (Fig. 15M). 
The length of the yolk extension is now more than half 
the diameter of the yolk ball. The lens placode appears 
and the otic placode hollows into the otic vesicle (Figs 
15M (arrow), 25, 27B) which contains two otoliths that 
are so tiny at this time that Nomarski optics must be 
used to see them (Fig. 25). The brain now also becomes 
a hollow structure, with ventricles present along its 
length, and with Nomarski optics one can first recog- 
nize the rudiment of the cerebellum. Seven rhom- 
bomeres are much more prominent in some embryos 
than others (compare Fig. 25 with Fig. 30A, below) 
Hollowing from the neural rod into the neural tube is 
also now nearly complete throughout the length of the 
trunk. The primordium of the postotic or posterior lat- 
eral line resides as an ectodermal placode between the 
otic vesicle and the first somite. A substantial part of 
the primordium will soon begin to migrate posteriorly 
and will be important for staging, as we describe below! 
Neurons, including spinal primary motoneurons 
trigeminal ganglion neurons (Fig. 26B), and Rohon- 
Beard neurons, have growing axons. 

Nearly all of the trunk somites now exhibit the my- 
otomal chevron shape, and the trunk myotomes produce 
weak muscular contractions. Nomarski reveals that 
anterior muscle pioneers have cross-striations. The first 
contractions, occurring at the 17-somite stage, involve 
individual (unilateral) myotomes, and, as mentioned 
earlier, are correlated with the ingrowth of axons from 
first developing primary motoneurons (Hanneman and 
Westerfield, 1989). Progressively the contractions begin 
to involve series of myotomes and become stronger, 
more coordinated, and more frequent. 

Anterior notochord cells have vacuoles (Fig. 21). The 
pronephric duct extends through the whole length of 
the trunk and curves ventrally around the yolk exten- 
sion, showing where the anus will eventually develop 
m the ventral midline at the level of somite 17, and 
serving to define the boundary between the trunk and 
tail. (Later, because of morphogenetic rearrangements, 
the position of the anus shifts to the level of somite 15.) 

Just posterior and dorsal to the end of the pronephric 
duct in the ventral tail rudiment, mesenchyme accu- 
mulates in a so-called intermediate mass of mesoderm, 
the early forerunner of the hematopoietic blood island 
(Figs. 17D, 20A). 

26-somite stage (22 h). At this stage EL = 1.6 mm. 
Straightening of the posterior trunk is nearly com- 
plete, but the elongating tail still curves ventrally (Fig. 
15N,0). The yolk extension is now nearly the length of 
the yolk ball. The cerebellar primordium is prominent, 
and one can recognize the rudiments of both the epi- 
physis and hypothalamus in the diencephalon (Fig. 
23C). The olfactory placodes thicken anterior and dor- 
sal to the forebrain, and one can now easily see the two 
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Fig. 27. Morphogenesis of the otic vesicle. Left-side Nomarski views 
dorsal to the top. anterior to the left. A: The primordium (outlined by 
arrows) of the inner ear appears as a solid otic placode beside the hind- 
brain by the nine-somite stage (13.5 h). B: At the 19-somite stage (18 5 
h) the placode has hollowed out into the otic vesicle. The arrow indicates 
the boundary between rhombomeres 4 and 5 along the dorsolateral wall 
of the hindbrain. C: Otoliths become prominent in the otic vesicle by the 




prirn-6 stage (25 h). 0: Pec-fin stage at 60 h. Morphogenesis of the walls 

Ito^lT fom,ed ,he prin,ordia 01 ,he sem^ircu.afcanK 
sally, separatedfrom otolrth-containing chambers ventralty. By this time 

%L 13 h0USed in a refrac « ,e cartilagino Jca^le. Z 

dark shadows to the bottom are out-of-focus melanoses. Scare bar = 
50nmforA-C, lOOM-mforD. 



otoliths m each otic vesicle with just the dissecting 
microscope. With Nomarski optics the early posterior- 
ward migration of the posterior lateral line primor- 
dium is evident; the advancing tip of the primordium is 
located over the third somite (hence, as will be ex- 
plained below, we might call this stage the prim-3 
stage). 

The last somites of the series form more slowly than 
the others (not shown in the idealized curve of Fig 18) 
and the total number that eventually forms is variable' 
from 30 to 34 pairs. The blood island is now a distinc- 
tive nest of dividing and differentiating blood cells The 
rudiment of the unpaired median finfold appears in the 
dorsal midline, along the length of the tail (Fig. 28C) 



sometimes at 22 h, but more frequently at 23 h (28- 
somite stage). 

The spontaneous myotomal contractions now pro- 
duce a lashing from side to side, and their frequency 
increases transiently upon dechorionation. 

PHARYNGULA PERIOD (24-48 h) 
Ballard (1981) coined the term "pharyngula" to refer 
to the embryo that has developed to the phyolotypic 
stage when it possesses the classic vertebrate bauplan 
According to von Baer's famous laws (discussed by 
Gould, 1977) this is the time of development when one 
can most readily compare the morphologies of embryos 
of diverse vertebrates, and for the zebrafish we approx- 
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Fig. 28. Tail development. Lett side Nomarski views, dorsal to the top 
anterior to the left. A: Overview at the 21 -somite stage (19 5 h) Notice 
how the primordia of the notochord (white arrowhead) and the spinal cord 
just dorsal to it spring from the tightly packed tail bud mesenchyme 
These tissue primordia lie medially to the segmental plate paraxial m* 
soderm. The arrow shows the pronephric duct near its end, just posterior 
to the yolk extension. B: Kupffer's vesicle, in the midline at the 16-somite 
stage (17 h). The arrowhead shows the boundary between the primordia 
of the notochord (below) and spinal cord (above, not hollow at this time) 
C: By the prim-5 stage (24 h) the tail bud is very small, and is surrounded 
by the tail fin primordium. the median fin fold. The notochord primordium 
(n) has the characteristic transient "stack of pennies" appearance. The 

imate the period as the 2nd of the 3 days of embryonic 
development (Fig. 29). The embryo is most evidently 
now a bilaterally organized creature, entering the 
pharyngula period with a well-developed notochord 
and a newly completed set of somites that extend to the 
end of a long post-anal tail. The nervous system is hol- 
low and expanded anteriorly. With the rapid cerebellar 
morphogenesis of the metencephalon (Fig. 30A) just 
preceding the pharyngula period, the brain is' now 
sculptured into five lobes (Fig. 23C). 

The period name focuses attention on the primordia 
ot the pharyngeal arches, present but at early times 
difficult to distinguish individually. The pharyngeal 
arches develop rapidly during this 2nd day from a pri- 
mordial region that can be visualized ventral to, and 
about twice as long as the otic vesicle (Fig 31) Seven 
pharyngeal arches in all develop from this primordium 
a prominent boundary within it (arrow in Fig. 31) oc- 
curring between pharyngeal arches 2 and 3 This 




spinal cord floor plate (f) is a distinctive midline cell row sandwiched 

^ .Tk ^ n0,OChOrd 30(1 neural tube lumen <«*» ^tral canal) D- 
The tail bud disappears entirely (high-pec stage at 42 h). The tail spinal 
cort narrows to a blind-ended tube with a simple cuboidal lining The 

f ^ ' The n0,ochort presems a neat developmental se- 
quence of vacuolization, beginning with the stack of pennies staoVaUs 

Cs o7act^h S,inC,iVe midline hyp0Ch0rd Un<te ^ me "ESS 
13. / actl "? , 8 " e present in ,he fin ,old ,hat surrounds the entire 

ssrs ssrar ,black) are dmeren,ia,in9 - *~ b " - 125 



boundary ,s important, for later the arches anterior to 
it (the mandibular and hyoid arches) form the jaws and 
the operculum, and arches (branchial arches) posterior 
to it will form the gills. 

The cells of the hatching gland, with their brightly 
retractile cytoplasmic granules, are prominent features 
ot the pericardial region throughout the pharyngula 
period (Fig. 32). 9 e 

During the first few hours of the pharyngula period 
the^embryo continues the rapid lengthening that 
started at 15 h, but then the rate of lengthening 
abruptly decreases. The time of the change, at 31-32 h, 
correlates approximately with the end of the rapid mor- 
Phogenetic straightening of the tail, discussed above. 
Ihe new rate of lengthening is maintained throughout 
the rest of embryogenesis (Fig. 16). 

The head also straightens out. It lifts dorsalward 
tairly rapidly during the pharyngula period and then 
more slowly, and one can use this change to quickly 
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determine the approximate stage of the embryo (Fig 
33). We imagine two lines from a side view: One a line 

1 he other, along the notochord, and parallel to the hor 
izontal myosepta at about somites 1-10, S the t^k 

lines "5 l St T te f 8 3ng,e between ^e two 

emn™ he f ad ; tl ? ink « n « le (HTA), is to position the 
embryo m its dish with its tail pointing toward the 

it ZTft^rT 11 / su ^POse a ckck facTupon 

ow^d 6 „V> I "t?* ^ Cl ° Ck ' the trunk P oi nts 
toward 6 o clock. The position of the other hand, the 

head axis changes with developmental time as as 
shown in Figure 33. s 

in J5 C mo, T ,ho 1 f enesis accompanying head-straighten- 
mg dramat.cally shortens the head, in absolute terms, 



Fig. 29A-C (Legend to Fig. 29 appears on page 289). 



S£ A?il T e C °y act al0n * the anterior-posterior 

eTand the ^ ? gUW the rudiment s of the 

eye and the ear approach one another rapidly thus 
proving a second new staging index. Simpfy estimate 
^"n the 0 ' addit J 0I l al ° tiC Vesides that" could m 

ltl~t%» 

During most of the period, until about 40 h the mo^t 
precise staging method, and the most difficult ipSTds 
on usmg Nomarski optics to locate the leading «p of 
the ^migrating portion of the posterior lateral "fne pri- 
mordium as lt moves steadily along the length of tZ 
trunk and tail ,Fig. 34A). It leaves^ehind t£at 
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Fig. 29D-F. 



form the ganglion of the lateral nerve, and as it moves 
it deposits cells that form the neuromasts along the 
nerve. The primordium migrates in the skin, superfi- 
cially to the horizontal myoseptum (Fig. 34B), on each 
side of the body, at an approximately linear rate of 100 
M-m/hour (Metcalfe, 1985), or 1.7 myotomes/hour. De- 
termine which myotome, from 1-30, the advancing 
(posterior) tip of the primordium overlies. We define 
primordium ("prim") stages by this index (Fig. 35). 
The method is tedious, and the migrations of the pri- 



mordia on both sides of a single embryo are not always 
synchronous. After 40 h the primordium is far poste- 
rior, small, and indistinct. 

In addition to these general features, and novel ones 
that characterize particular stages, there are several 
important developments during the pharyngula period 
that we now outline below, and then, following the 
same order of presentation and setting each topic off 
into a paragraph of its own, we add details in the stage 
descriptions. 
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Fig. 29. Development during the pharyngula period. Left-side and 
dorsal views (except for the prim-5 stage) of the same embryo at the 
given stage. A: Left-side view at the prim-5 stage (24 h). The brain is 
prominently sculptured (see Fig. 23 for a key to the brain subdivisions). 
Melanogenesis has begun, but is not yet evident at this low magnification. 
B,C: The prim-12 stage (28 h). Melanophores extend from the level of the 
hindbrain to about the middle of the yolk ball. D,E: The prim-20 stage (33 



h). A few pigment cells are now present along the axis dorsal to the yolk 
extension and on the dorsal part of the yolk ball. F,G: The prim-25 stage 
(36 h). Pigment extends almost to the end of the tail. The arrow in F 
indicates the ventral horn of melanophores. H,l: The high-pec stage (42 
h). Pigment now extends the whole length of the embryo. The dorsal and 
ventral pigment body stripes are filled in, but not so neatty as they will be 
later. The lateral stripe is not yet evident. Scale bars = 250 jim 



The fins begin to form. The median fin fold, barely 
present at the onset of the period, becomes prominent, 
and forms collagenous strengthening fin rays, or acti- 
notrichia (Fig. 28D). The rudiments of the bilaterally 
paired pectoral fins begin their morphogenesis: Mesen- 
chymal cells gather together to form fin buds that serve 



as probably the single most useful staging feature dur- 
ing the second half of the pharyngula period (Figs. 36, 
37). As the buds develop, an apical ectodermal ridge 
becomes prominent at their tips. Whether the ridge 
plays a morphogenetic role similar to that of the limb 
bud of tetrapods is unknown, but a hint that it might do 
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Fig. 30. Neural structures predominate in the head during the pharyn- 
gula period. Left-side Nomarski views, dorsal to the top, anterior to the 
left. A: The prominent transverse brain subdivision at the cerebellar (c) 
primordium shows here at the prim-13 stage (29 h), separating the mid- 
brain (m) and the hindbrain (h). All but the posterior part of the midbrain 
is sculptured by a distinctive horizontal furrow that separates the midbrain 
(or optic) tectum (dorsal to the furrow) and the midbrain tegmentum (ven- 
tral). Rhombomeres give the dorsal surface of the thinner-looking hind- 



brain a lumpy appearance, although less so than at an earlier stage (see 
Fig. 25). The hindbrain s fourth ventricle shows above the hindbrain wall. 
The eye, with the retina surrounding the lens, is well shown. B: By the 
prim-25 stage (36 h) the brain walls thicken substantially, but the same 
subdivisions present earlier are evident. At this stage rhombomere 
boundaries are indicated by doubled transversely oriented stripes (ar- 
row), formed by developing glial fibers and bundles of commissural axons 
(Trevarrow et al., 1990). Scale bar = 50 \im. 



so comes from the fact that it is positioned at the exact 
boundary of the ventrally located expression domain of 
the engrailedl gene (Hatta et al., 1991a; Ekker et al., 
1992). A most significant connection between the ze- 
brafish fin bud and the tetrapod limb bud is the domain 
posterior mesenchymal domain of sonic hedgehog gene 
expression in both, corresponding to the zone of polar- 
izing activity (ZPA; see Krauss et al., 1993). 

Pigment cells differentiate. They are easy to see and 
we use them for staging landmarks. The pigmented 
retinal epithelium, and the neural crest-derived mel- 
anophores begin to differentiate at the onset of the pe- 
riod, and pigmentation gets rather far along during the 
period (see Fig. 29). The melanophores begin to ar- 
range themselves in a characteristic pattern that in- 
cludes a well-defined set of longitudinal body stripes 
(Milos and Dingle, 1978). 



The circulatory system forms (Reib, 1973). The heart 
begins to beat just at the onset of the period, and forms 
well-delineated chambers. Blood begins to circulate 
though a closed set of channels. A bilateral pair of aor- 
tic arches appears just at the outset of the pharyngula 
period: This is aortic arch 1, the earliest and most an- 
terior arch of the eventual serial set of six. The others 
develop rapidly near the end of the period. The blood 
flows into each side of the head from the anterior two 
arches via the carotid artery and returns via the ante- 
rior cardinal veins. The more posterior aortic arches 
(arches 3-6) also connect to the left and right radices 
(roots) of the dorsal aortae, which anastomose in the 
trunk to form an unpaired midline vessel lying just 
ventral to the notochord. The dorsal aorta is renamed 
the caudal artery as it enters the tail (Reib, 1973). At a 
point along the tail the channel makes a smooth ven- 
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f36 hi ?lf. ' J2f£ haryn 9f^ arch Pnmordial region at the prim-25 stage 
lino " , f N ° marSki * wal 10 ,he '<*>■ anterior to the left Tte 
plane of focus ,s more lateral than for Figure 30. to show the meser? 
chyme of the pharyngeal arch primordial region that fills most of tnXw 

the bottom nght). Transversely oriented grooves (arrowheads) cut the 

arches. The most prominent groove, at the arrow, subdivides the whole 



IK!^ « ,lBrior J^*m*i9 mandibular (m) and hyoid (h) arches 

P^s^^nme^ ,i, ^ branChia, (b) P'S™ ^ 

pnores show on the nght postenor to the otic vesicle, and on the left the 
pos tenormost part of the darkly pigmented eye is irtfuded^YnTis a° 



trally directed 180° turn to form the caudal vein re- 
turning the blood to the trunk. The vein continued in 
the posterior trunk as the unpaired median axial vein 
yingjust ventral to the dorsal aorta. Just posterior to 
the heart, the vein then splits into the paired left and 
nght postenor cardinal veins, In turn, each posterior 
cardinal joins with the anterior cardinal to form the 
common cardinal vein (or duct of Cuvier) that leads 
directly to the heart's sinus venosus. The name some- 
times used for the common cardinal as it crosses the 
yolk sac the vitelline vein, is not very appropriate 
because the vessels named vitelline veins in other fish 
have different connections (see Reib, 1973) The com- 
mon cardinal veins, at first very broad and not very 
well defined, carry the blood ventrally across the yolk 
As development continues the common cardinals be- 
come narrower channels, and relocate to the anterior 
side of the yolk. 

Finally, there is marked behavioral development 
Tactile sensitivity appears, and the flexions that oc- 
curred in uncoordinated individual myotomes during 
the late segmentation period become orchestrated into 
rnythmic bouts of swimming. 




me^tenorS sic^vf ^ °" ,he P"*"*™ «" 

pefedUttr thev lo« ,h prom ! nent 9 ranules during the pharyngula 
penoa. Later they lose the granules, presumably due to the release of 
to^ng, enzymes. NomarsKi viewat the pnm-15 stage (30^,. STbJ 
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Fig. 33. Head-trunk angle as a function of hours of development (at 
28.5°C). The head-trunk angle is the angle between a line drawn through 
the middle of the ear and eye, and a second line parallel to the notochord 
in the midtrunk region (myotomes 5-10). The head-trunk angle increases 
between 20 h and 70 h, as a consequence of straightening of the embryo. 
Mentally superimposing the embryo upon a clock face, as shown in the 
lower drawing, is a convenient way to estimate the head-trunk angle. Set 
the trunk axis to 6 o'clock, and the head axis changes with developmental 
stage. The head axis of the embryo in the drawing (at the prim-17 stage 
corresponding to 31 h) points to about 9 o'clock. 



Stages During the Pharyngula Period 

Prim-5 stage (24 h). At this stage, EL = 1.9 mm, 
HTA = 120°, and OVL = 5. The advancing end of the 
lateral line primordium overlies myotome (somite) 5. 
There are about 30 somites, 13 of them in the tail. The 
length of the yolk extension just equals the greatest 
diameter of the yolk ball. 

The median fin fold is easily recognized (Fig. 28C). 
By 26 h (prim-8), mesenchyme gathers specially at the 



paired locations where the pectoral fin buds will form, 
lateral to the third somites. The buds first appear as 
mounds by 28-29 h. 

Pigment formation begins in cells of the pigmented 
retinal epithelium and then in melanophores dorsolat- 
erally in the skin. Melanophores appear in an approx- 
imate AP gradient, first just posterior to the otic vesi- 
cle. At the prim-5 stage the pigmentation is so light 
that a compound microscope may be required to see it. 
Use brightfield, not Nomarski, transmitted illumina- 
tion so that background contrast will be minimal. The 
pigment cells develop rapidly, such that within a few 
hours they are a prominent feature of the embryo (Fig. 
30A); readily apparent at low magnification by the 
prim-12 stage (28 h; Fig. 29B). From a dorsal view at 
the same stage (Fig. 29C) one can see that melano- 
phores now migrate to reach the dorsal and more an- 
terior part of the yolk sac. 

The heart is first visible as a cone-shaped tube deep 
to the brain, seemingly more dorsal than its later lo- 
cation, and prominently occupying a pericardial sac on 
the anteriormost region of the yolk. The heart begins to 
beat just prior to this stage, at first with no apparent 
direction to the beat, and the rhythm may be inter- 
rupted. By 26 h (prim-7), the heart tube is elongated 
and the contraction occurs as an AP-going wave. Most 
blood cells are in the blood island (Fig. 17D, 20A), and 
by 24-25 h some of them move more anteriorly and 
dorsally, into the region between the yolk and noto- 
chord, where the major vessels supplying the trunk and 
tail are forming. Blood cells also occupy the yolk ball, 
over very ill-defined and broad regions that herald the 
development of the common cardinal veins. The blood 
cells will begin circulation very soon after the stage 
when they first appear on the yolk ball. 

The prim-5 embryo continues to exhibit spontaneous 
side-to-side contractions involving the trunk and tail. 
The contractions often occur in bursts, at a rate of 
about eight episodes per minute (Grunwald et al., 
1988). Sensory-motor reflexive circuits are becoming 
functional. At the prim-5 stage one cannot clearly dis- 
tinguish responsiveness to light touches to the head or 
body of the dechorionated embryo, possibly because of a 
fairly high background level of spontaneous contrac- 
tions. However, by 27 h (prim-10), this background 
lowers (it remains transiently high just after dechori- 
onationation), and the first consistent tactile responses 
appear. The reflexive movements have approximately 
the same nature as the spontaneously occurring ones. 

Prim-15 stage (30 h). At this stage EL = 2.5 mm, 
HTA = 95°, OVL = 3. The yolk extension is just longer 
than the yolk ball. In dorsal view the yolk ball appears 
about twice as wide as the head. 

The ventral portion of the median fin fold extends 
anteriorly, to underlie the yolk extension. The pectoral 
fin buds have the form of shallow domes, each with a 
height less than one-third of the diameter at its base. 

The embryo now begins to slow its overall rate of 
lengthening as tail morphogenesis comes to an end. A 



distinctive tail bud is no longer Drew- ««. 
denting cell,, evident littSSfeS 
£th Neman*, optics, occupy it, portloJn^S 
death may represent a natural process oClimi..? i 
the excess ceils remainin. in thTS?» 'T*"* of 
genesis is complete (KimT.1 W — «- 

cedying the top, of Jm^^fS^ 
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Fig. 36. Condensing mesenchyme of the earty pectoral fin bud. The 
view is along the proximal-distal axis of the bud, at the dorsolateral aspect 
of the embryo's left side. Dorsal is to the top and anterior is to the left. 
Nomarski optics at the prim-15 stage (30 h). The bud is outlined by 
melanophores anteriorly and ventralty, and by arrowheads dorsally. The 
posterior lateral line nerve runs superficial to the horizontal myoseptum in 
the upper part of the field (arrow). Cross-striations of muscle fibers (in 
myotomes 2 and 3) are in focus above the nerve, and a mesenchymal 
cell, present just deep to the epidermis, is in focus between the nerve and 
the bud (star). Retractile yolk granules are at the bottom of the field. Scale 
bar = 50 ^m. 



Fig. 37. Morphogenesis of the pectoral bud during the late pharyn- 
gula period. Left-side Nomarski views from the ventrolateral aspect of the 
embryo to show the bud in relief. Dorsal is to the top, anterior is to the left. 
Arrows indicate the boundary between the bud's surface epithelium and 
inner mesenchyme. A: Prim-1 8 stage (32 h). The bud is now symmetrical 
in outline, a shallow dome with a height less than one-third of its width. 
The common cardinal vein passes just anteriorly, beneath the epithelium. 
B: Prim-25 stage (36 h). The bud's height is now about three quarters its 
width. Its posterior face (to the right) is relatively steeply angled. The 
focus is along the prominent apical ectodermal ridge, crossing the bud 
distally. C: Long-pec stage (48 h). The bud curves posteriorly and tapers, 
to give a pointed appearance from this viewpoint; its length along the 
proximal-distal axis is about twice the width of its base. An innermost 
precartilage core has now begun to differentiate within the mesenchyme 
(arrowheads). Scale bar = 50 jim. 





Fig- 37. 
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J? 9 '«2f" " e * acti,e ,ail re,icular ce'ls line sinusoids thai make up the 
wall of the developing caudal vein. Left-side Nomarski view, dorsal to the 
t<v, antenor to the left at the prim-15 stage (30 h). The tail reticular cells 
c^- a . s ff c,a zed Aching morphology and also appear functionally 
speaahzed, relative to other endothelial cells, in their ability to rapidly 
dear particulate material from the circulating blood by phagocytosis 
mee red blood cells (one indicated by the arrowhead) aVe in Snlhe 
sinusoids and can be distinguished from the reticular cells by their spher- 
ic ^ I"? - PartS °' teil m y° tonles ^ visible just at the top 
of the field (arrow). Scale bar = 50 ^m. 



in more posterior regions, and results in a ventrally 
projecting anterior horn subregion of the ventral 
stripe containing broad, smoothly outlined melano- 
phores extending to the bases of the eyes on each side 
of the midline (Fig. 29E, arrow in F). 

The heart is still a straight tube, and its beat is be- 
coming more prominent. Each heartbeat is in two 
parts, the first indication of development of chambers 
I here is a single aortic arch and complete arterial sys- 
tem between the pharynx and the tail, through which 
blood s owly circulates. A bit more than half-way along 
the tail a labyrinth-like network of channels connect 
between the caudal artery and vein. An apparently 
specialized set of very refractile cells line these partic- 
ular channels (Fig. 38). We term the elements the tail 
reticular cells, because they very rapidly take up latex 
beads injected into the circulatory system (unpublished 
observations of C.B. Kimmel and B. Ullmann) in the 
manner of reticuloendothelial elements of the adult 
blood vascular system. 

The frequency of spontaneous body contractions now 
diminishes to one to two episodes per minute. A light 
touch placed anywhere on the body or head usually 
elicits a robust reflexive side-to-side bout of wriggles 
However, the embryo cannot yet effectively move its 
body through the water. 

JPrim.25 stage (36 h). At this stage EL = 2 7 mm 
= 7 5 }, OVL = 1- length of yolk extend 
now markedly surpasses the diameter of the yolk ball. 
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In dorsal view, the width of the yolk ball exceeds that 
ot the head by a factor of about 1.3. 
Actinotrichia develop posteriorly' in the median fin 

ml "SS? v e \ C&n be r f vea,ed by Nomarski °P ti « 
A 5"? PeC , t0raI fln bud is a dome-shaped 
mound raised about three-fourths as high as its width. 
As the bud grows outward it loses the symmetrical ap- 
pearance it had earlier, beginning to form an apical tip 
posterior to the center of the bud ( Fig. 37B). The apical 
ectodermal ridge is now present at the tip, and easily 
visible W1 th Nomarski optics if the orientation is co* 
rect, because the ridge runs obliquely across the bud in 
allTgWa) r to dorsoanterior direction (Hatta et 

liJ^f" 611 ^ 011 L S P™ 111 ™"* ™ *e eye, but is still 
light enough so that one can readily visualize the un- 
pigmented cell nuclei in this retinal epithelium. Mel- 
anophores on the body elaborate a bolder and longer 
(but still not sharply defined) dorsal stripe, now ufu- 
ally extending from the diencephalic region of the head 
to the tip of the tail, excluding the fin fold. There are 
still gaps along this dorsal stripe. Melanophores also 

2S5" Tk y ° n tKe trUnk and tail > some of ^em 
lodged m the region of the horizontal myoseptum 

where the lateral stripe will form. Others fill in the 
ventral stripe, making its anterior horn more readily 
apparent (Fig. 29H.I), and extending the ventral sSpe 
posteriorly to about halfway to the tip of the tail Mel- 
anophores are also present on the dorsal and lateral 
surfaces of the yolk sac. Beginning at this timeTt ts 

■SS ^ eXa IT!, tKe f mbry ° With ^"illumination, 
using either the dissecting or compound microscope 
not just with transmitted light. This is because the first 
reflective pigment cells, iridophores, soon appear on 
the eye. However, one cannot identify them at 36 h 

ffcbS S f aVity iS n0t yet Prominently in- 
flated. Blood circulation is strong. The heart, previ- 
ously a straight tube, now bends slightly. There is still 
but a single pair of aortic arches. The circulatory loop 
connecting the caudal artery and vein has moved to 
about three-quarters of the way to the end of the tail 
Returning blood through the trunk and across the yolk 
the pathway that includes the axial vein, the posterior" 

S^hannds 3 " C ° mm ° n ^ 3re WelMe - 

Spontaneous episodes of lashing activity of the em- 
bryo are now infrequent, occurring at less than one 
episode per minute. The reflexive escape response to a 
touch lasts longer than before, and now effectively 

J? SP Su Ce the embry °' usualJ y U P to several 
body-lengths. The wriggles still occur slowly enough 
that one can easily resolve their rhythm; later the re- 
tlex is snappier and individual swimming beats occur 
so quickly that they simply cannot be resolved by eye 
R rl gk p ,% St °ff <42 0 h >- At this stage EL = 2.9 mm,' 

VTu ° VL = 3M - 7116 name for this sta ge, as 
well as for the next two, draws attention to the appear- 
ance of the rudiments of the pectoral fins. Now. at the 
high-pec stage, the fin bud's height is about equal to 
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Fig. 39. Development during the hatching period of embryogenesis 
(A-F), and the early larva (G,H). Left-side and dorsal views of the same 
embryo are paired for each time point. A,B: Long-pec stage (48 h) C D* 
Pec-ftn stage (60 h). E,F: Protruding-mouth stage (72 h) Note the pro- 
gressive increase dorsally in yellow pigmentation owing to xanthophore 
development, and the progressive filling of melanophores into the lateral 



SE^II ! eart * ,arva 020 h) is P hot °9'aphed with a combination of 
transmuted and .ncdent illumination, the latter revealing reflective iri- 
tnt T'< ™ e t swim bladder is Mated at this stage. Continued devel- 
opment of the lower jaw, protruding it more anteriorly, brings the lower 
and upper jaws close together in front of the eyes. Scale bars = 250 ^m. 
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the width of its base. The apical ridge is readily visible 
using just the dissecting microscope. The ridge has in- 
creased prominence because it now incorporates, in ad- 
dition to ectodermal epithelium, an underlying loose 
mesenchyme that will participate in development of 
the blade of the fin. 

The yolk extension retains a distinctly cylindrical 
shape along most of its length, but its posterior end 
begins to taper, to take on a more conical appearance. 
Its length is about 1.5 times the diameter of the yolk 
ball. A dorsal view reveals that the yolk ball is about 
1.3 times wider than the head. 

_ The migrating primordium of the posterior lateral 
line gets smaller as it migrates, making it harder to 
identify (its identification never was particularly easy), 
and by 42 h it has reached the posterior end of the axis, 
so that its position can no longer be used as a staging 
index. The mandibular and hyoid arches (the first and 
second pharyngeal arches) are well defined. Inspection 
of the olfactory pits with Nomarski optics reveals the 
first formation of cilia by the epithelial cells. There is 
little or no ciliary beat. The same method also reveals 
a thickening in a dorsolateral region along the inner 
side of the otic vesicle's epithelial wall that preludes 
development of the semicircular canals. 

The primordia of the liver and probably the swim 
bladder make their appearances along the gut tract, 
posterior to the pharynx in the region of the anterior 
yolk ball. However, they are rather hidden by the dor- 
sal part of the yolk ball; sectioned material reveals 
endodermal morphogenesis much more readily rather 
than do views of the living embryo. Hindgut endoderm 
is now recognizeable (first at the prim-28 stage at 39 h) 
as a solid plug (not a hollow tube) of midline cells in the 
anal region, thicker than the adjacent pronephric 
ducts. 

The dorsal stripe of melanophores now is very well 
filled out to the end of the tail. The ventral stripe, now 
filled out anteriorly from the eye, also may contain 
pigment cells to the end of the tail. However, gaps 
along it in the tail region are conspicuous, one of these 
persisting at its posterior end. At this stage the dorsal 
and ventral stripes come together at the end of the tail 
to make an incompletely pigmented posteriorly pointed 
V. Melanophores along the lateral aspect of the myo- 
tomes now begin to organize distinctively along the 
horizontal myosepta as the lateral stripe (Fig. 29H). 
Only a very few cells are in it, three or so on each side 
of the body. The first few melanophores also reach the 
ventral surfaces of both the yolk ball and yolk exten- 
sion, and will later organize into a yolk stripe that joins 
the ventral stripe at the level of the anus. Very bright 
illumination will for the first time reveal that the head 
has a very pale yellow cast, marking the first appear- 
ance of xanthophores. Also for the first time, bright 
incident illumination occasionally reveals a very few 
faintly reflective pigment spots, iridophores, scat- 
tered in a disorganized fashion on the eye. Iridophores 
are not yet apparent elsewhere on the body Both xan- 



thophores and iridophores will be much more easily 
and consistently recognized at the long-pec stage (48 
h). 

The bend in the heart is now prominent and marks 
the division between the atrium and ventricle, and 
Nomarski optics reveal an endothelial cushion between 
them. The heart beats (about 180 per minute) with the 
atrial beat preceding the ventricular one. There is still 
only one pair of aortic arches. The common cardinal 
vein on the yolk sac is very broad and prominent. Seg- 
mental arteries and veins are present along the trunk 
and tail. These vessels are deep to the myotomes and 
are most easily recognized overlying the spinal cord 
near each transverse myoseptum. Those in the anterior 
tail begin to carry circulating blood. 

Dechorionated embryos lie on their sides when at 
rest, yolk sac obliquely upward. A touch elicits a vig- 
orous and rapid response, with a wriggling rhythm just 
slow enough that its beat is still barely discernable. 
The response propels the embryo from a few body 
lengths in many cases, or up to the whole width of a 5 
cm dish in others. At the end of the bout of swimming 
the embryo comes to rest on its side, not dorsal-up. 

HATCHING PERIOD (48-72 h) 

The time of hatching is not useful as a staging index 
for the zebrafish, in contrast to some other types of 
embryos, because individuals within a single develop- 
ing clutch hatch sporadically during the whole 3rd day 
of development (at standard temperature), and occa- 
sionally later. Whether or not an embryo has hatched 
its development progresses, hour by hour, and gener- 
ally individuals that have spontaneously hatched are 
not more developmentally advanced than ones remain- 
ing in their chorions. We arbitrarily call the creatures 
'embryos" until the end of the 3rd day, and afterward, 
larvae," whether they have hatched or not (Fig. 39). 
During the hatching period the embryo continues to 
grow at about the same rate as earlier (Fig. 16). Mor- 
phogenesis of many of the organ rudiments is now 
rather complete and slows down considerably, with 
some notable exceptions including the gut and its as- 
sociated organs. However, these endodermal structures 
are difficult to visualize in the living embryo because of 
their deep positions, and we do not consider them com- 
pletely here. Much easier to see are the rapidly devel- 
oping rudiments of the pectoral fins, the jaws, and the 
gills. 

Pectoral fin development continues to be a useful 
feature for staging, especially during the early part of 
the hatching period. At the onset of the period the 
paired fin rudiments are elongated buds, each already 
containing centrally located mesenchymal condensa- 
tions that will form the girdle cartilages (arrowheads 
m .v£" 37C) - The distal epithelial fold capping the bud, 
which developed from the apical ectodermal ridge, now 
expands into the blade of the fin proper, and strength- 
ening actmotrichia appear. At the same time a circu- 
latory channel appears as a continuous loop at the base 
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Fig. 40. The embryo s small open mouth (arrow) lies between th» 
eyes at the pec-fin stage (60 h). Ventral Nomarski^ew^Solm^ 
top. The midline bulge at the bottom of the field ^w^ad T thl ^ 



of the enlarging fin, i.e., its position is proximal to the 
ac inotnchia but distal to the cartilage This channel 
will develop both as artery and vein the S£ 
artery takes the blood outward into ti tota™ 
paired portion of the dorsal aorta posterior toYhT last 
aortic arch. The subclavian vein returns the Mood 
again, connecting proximally near the origin of the 
common cardinal. e ne 

Prominent changes occur in the pharyngeal region 
During the early part of the hatching S the sSS 
open mo „th can be located with Noma^krop7esTn a 
midventral portion, between the eyes (Fig 40) a n^ 
sition that seems surprising, at firstf because it is so Z 

12 hours of embryogenesis, a dramatic repositioning of 
^Tf OCCU £ Jaw morphogenesis moves the S- 
^ teriorward, and just at the end of 
the hatching period the mouth protrudes beyond the 
eye, where ,t gapes wide open. Rapid jaw and mouth 
morphogenesis will continue in the early larva 
Hirf=T ning ^ i,agedevelopmentinth ejawprimor- 

part of the hatching period. As noted above the two 
anteriormost pharyngeal arches (the mandibular and 
hyo,d arches) that form the jaw and associated support 
ve apparatus are always distinctive from the more W 

StTl arC 5 eS ' I co,,ective, y te ""ed branchial ard£ 
Cartilage development in the jaws lags behind carti 
age development in the pectoral fin and behind forma- 
tion of the first cartilages of the chondrocraniumThe 
latter basal cartilages located deep beneath the brain 
are rather difficult to see in the living prepiatTon and 
we do not describe them here). On'lL^SKSS 

aLT age t 1 deV ? ,0P ahCad ° f the branchia! carti! 

n Kr ^u 1 ? recartila & e condensations appear 
in both the mandibular and hyoid arches near the be 
ginning of the hatching period and distinSve cart^ 
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£fl;V e £ tral 3nd dorsal el ^ents, develop in each 

callage of* % f*" <** 4U ^ ^ 

Meckefs cartnLS "* (the ma ndib U lar or 

m f rtl,age) and the ventral element of the hy- 
oid arch (the cera ohyal cartilage), are large supportive 

first ich and^h f K th « « Uadrate of 

nrst arch and the hyosymplectic (also called the hvo 

elaborate in their shapes. A complex set of jaw musdes 
accompanies development of the cartilages^ 2 the 
adductor of the mandible in Fig 41) ^ g- ' * 
Earlier during the pharyngula period, a single bi- 
ateral pair of aortic arches formed/and they ScVpied 

t ri !ZJ >rim0rdial regi0n " when th/£SS2 

period begins a second aortic arch has joined thefiSt 
one on each side of the embryo in the region of the ja w 
The first aortic arch passes dorsally just interior tc STe 
prominxnet ceratohyal cartilage, ana the £con Uortc 
ar h passes just posterior to the same cartilage ff? 

fnl 7 V6SSels J0in to e ether ^neath the eve to 
form a single artery that dives into the interior of the 
head as the internal carotid artery 
l-l7^ eXt four P harvn geal arches, branchial arches 

suchSif'fK u house P rom »nent aortic arches 3-6, 

is present and carries circulating blood early in the 
hatehing period. A gill slit forms posterior to the hyo£ 

a u tT b6tW6en 6ach branchial ar <*. making five ni 
all The rudiments of gill filaments develop late Yn the 
hatchmgpenod as buds along the posterior -wilt of the 
four branchial arches facing the slits (Fig. 42A) 

arcT 5 o^ D hT h ° f ^ ***** (branchial 

arch 5 or pharyngeal arch 7) does not develop gills 
There is no gill slit behind it, nor does there apif an' 

a r iC K arCh u Wi ? iD iL H ° Wever > in *-he fasnionTtS 
other branchial arches it does make a supp^ve Yar- 
Je. Pharyngeal teeth develop in assocStYon wfth 

The cartilages of the branchial arches beein to de 
velop morphologically about a half day aftef Jhe^jaw 

Ts Jffi . EaCh b r Chial -itiall/de^lops: ?n 
gle simple linear element, a ceratobranchial cartila Je 
not dorsal and ventral elements developmg ne Sy !o 
gether as discussed above for the jaw arches Moreover 
the series of ceratobranchial cartilages does mi de-' 

cftials 1 and 5) develop ahead of the others (Fie 42B C) 
The cartilages of middle branchial arches in tL series 
particularly ceratobranchials 3 and 4 are still „S 
ferentiated by the end of the 3rd Say 



Stages During the Hatching Period 

h^?"^ ^-^rr EL ■ 3 1 

l \7 VAj uz - lne OVL changes only little 

hereafter, so this value of 1/2 is a good initial indication 
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Rg. 41 . Jaw cartilage and muscle formation is well underway by the 
end of the hatching period. Left-side Nomarski view, dorsal to the top, 
anterior to the left, at the protruding-mouth stage (72 h). The quadrate (q) 
and more ventral and anterior Meckel's (m) cartilages of the mandibular 
arch meet at the arrowhead, the primary jaw articulation. The adductor 
mandibulae muscle (a), that closes the mouth, runs ventral to the eye. H 
inserts on both of these mandibular arch cartilages. The posterior end of 
the quadrate overlaps with the anterior end of the dorsal cartilage of the 

that the embryo has reached some stage during the 
hatching period, vs. some earlier stage. 

As the stage name indicates, the pectoral fin buds 
now are quite elongated, stretching to a height-to- 
width ratio of about 2 (Fig. 37C). The buds curve pos- 
teriorly and have a prominently pointed shape, with 
the apical ectodermal ridge at the point. They still do 
not look fin-like, and the apical ridge is yet more prom- 
inent than earlier, its expansion accounting for a con- 
siderable portion of the lengthening of the bud. More 
proximally, the central region of the bud forms forms a 
compact mesenchymal condensation, visible in Figure 
37C, that heralds development of the supportive girdle 
of the fin. Here, the first cartilage in the embryo begins 
to differentiate morphologically at this stage, and with 
Nomarski optics the chondrocytes may be recognized 
by their cobblestone arrangement and bright appear- 
ance. 

Because of both yolk depletion and growth of the 
head, now, as viewed from the side, the yolk ball ap- 
proximately equals the size of the head. However, in a 
dorsal view the yolk ball is slightly wider than the 
head; the widths become about equal at 51 h. The yolk 
extension has a taper along nearly its whole length, 
giving it a shallow conical rather than a cylindrical 
shape. 



hyoid arch, the hyosymplectic (h). The field of view includes only a small 
portion of the ventral cartilage of the hyoid arch, the ceratohyal (c). The 
ceratohyal is the thickest cartilage present in the embryo; at first one 
might mistake it for Meckel's cartilage. The first aortic arch (1 ) passes just 
antenor to the ceratohyal. The second aortic arch (2) passes just poste- 
rior to it. Dorsal to the same cartilage these two arteries join together to 
form the internal carotid artery (i). Scale bar = 50 ^m. 



The olfactory placodes are at the anterior borders of 
the eyes, and Nomarski reveals that they have beating 
cilia. Morphogenesis in the dorsal part of the otic ves- 
icle produces the rudiments of the semicircular canals. 
Hair cells have differentiated in the sensory maculae of 
the otic vesicle, and neuromasts, complete with pro- 
truding sensory hairs, have differentiated in the head 
(a prominent one is positioned between the ear and the 
eye), and along the posterior lateral line. The noto- 
chord has vacuolated differentiating cells to its caudal 
tip. With some difficulty one can visualize early pre- 
cartilage condensations in the developing mandibular 
and hyoid arches, but not in the branchial arches. 

The dorsal stripe of melanophores is now very well 
defined and densely populated, present along the mid- 
line of the anterior trunk and tail, but as bilateral rows 
of cells in the posterior trunk. In the head the dorsal 
stripe also avoids the midline, where over the brain a 
dorsal view reveals that it takes the form of an open 
posteriorly pointing V. A side view reveals that the 
dorsal and ventral stripes join together at the tail tip 
into another posterior-pointing V that is rather com- 
pletely filled with pigment, save for a small ventral 
gap. Further, a second component of the ventral stripe 
now forms in the tail medially to the earlier stripe, and 
associated with the caudal (and the axial) vein. At this 
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stage melanophores only sparsely populate this median 
ventral stripe, but by the early larval period the two 
parts of the ventral stripe will neatly frame the vein 
Over the yolk ball, the bilateral ventral melanophore 
rows join in the midline as a distinctive patch at the 
location of the developing swim bladder. The lateral 
stripe along the horizontal myoseptum is now quite 
clear, and contains a small and variable number of 
melanophores (as described in detail by Milos and Din- 
gle, 1978). Xanthophore differentiation gives the head 
a very distinct but still very pale yellow cast (Fig. 39 A) 
The dorsal aspect of the trunk and tail is a fainter 
yellow. The iridophores are scattered over the retina, 
as earlier, but now many more appear, some arranged 
m a discontinuous ring of individual cells or small re- 
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flective cell groups around the lens, where the iris will 
develop Most ong-pec embryos have other iridophores 
associated with the dorsal stripe in the tail, and occa- 
sional feebly reflective ones that appear on the dorso- 
lateral yolk sac. These foreshadow development of dis- 
tinctive mdophore patches ("lateral patche*") that 
tlank the position where the swim bladder forms 

The shrinking yolk sac makes the pericardial cavitv 
conspicuous. The vigorous beat of the heart easily 
shows that the heart tube is bending to bring the 
atrium to a position dorsal to the ventricle. Nomarski 
optics reveal that the definitive six pairs of aortic 
arches are now all present, but typically at the long-pec 
stage not all of them are carrying circulating blood. 
Genera ly the more anterior arches, especially aortic 
arches 1-3, join the circulation earlier, but participa- 
tion varies. Circulation is now strong in most segmen- 
tal vessels along the trunk and tail. There is a Single 
channel associated with each segment, but, as can be 
determined by following the course of the blood flow 
an artery m one segment leading from the dorsal aorta' 
alternates with veins in the adjacent segments leading 
to the axial vein. There is no blood circulation in the 
pectoral fin bud until about 52 h, more consistently at 
54 h. At this point one can find the subclavian vessel 
looping around the bud at the base of the ridge, and 
without a clear distinction between the arterial and 
venous side of the loop. The common cardinal vein on 
the yolk ball is fan-shaped, narrower at its origin and 
broadening more ventrally. 

When at rest, dechorionated embryos are beginning 
to assume a dorsal-up body position. Some come to rest 
dorsal-up upon completion of a swimming episode 

mA-V^ m this stage EL = 33 mm > 

SIh ~™ uT5 C ? eCt ° ral fm now has a flat flange or 
blade^e blade is confined to the distal part, where 
the ndge was earlier, and now it makes the distal part 
of the rudiment considerably wider than the base op- 



Wn ™ 9 ,' A l ■ Bran< * ial ***** develop late in embiyogenesis Left-side 
Nomarski views, dorsal to the top, anterior to the left at iZ Jfi 
mouth stage (72 h). To avok, conLon. Z£M£tffS£% 
necessanly , n tetrapod species that do not develop gilteTbraTOhK 
and pharyngeal arch numbering systems differ. By^nv^oTJancS 
arch 1 is the same as pharyngeal arch 3 and contains ceratobranch iaJ 
carttage 1 and aortic arch 3. A: A superficial view of the ZSS 
branch*! arches (branchials 1-4) to show the clefts bltwe^ f»Z ar3 
devetop.ng buds of gill filaments (the arrowhead i^Tb^Z^ 
ng from the postenor surface of branchial arch 2). The third aorta Tarch 
(3) .s ,n focus within the first branchial arch. B: A deeperp^aro oHocus 
reveata a gradient of cartilage devetopment in branchidaX 

ffJ^rST*^ "* 1 inC ' UdeS a lon9 s,re,ch o'differentiateTwrUiaS 
St hT ^ °f ratobranchi a | *>• «he next arch, ceratobranch^ 
2 is less drfferenhated, and in branchial arch 3. to the right thrceratc- 

I ^t ^ T°? branch,al does n °' ,ollow <"« gradient 
rule, ceratobranch.al cartilage 5 (arrowhead), the last cartiiaoe of the 

same stage. Aortic arches (numbered 4-6 in the figure) are in foeiK 
dorsally above the precartilage masses. The fifth brarSa^doeJn^ 
possess an aortic arch (that would be numbered aortic archT weTrt to 
exist). Nerther will the fifth branchial arch bear gills. Scale Tar = 5^° 
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posite to the situation at the long-pec stage. The fin is 
held back along the side of the body, and extends pos- 
teriorly to cover more than half of the yolk ball. 
•Nomarski optics reveals the presence of actinotrichia 
in the pectoral fin, as well as continued differentiation 
of cartilage in the proximal part of the rudiment 

A dorsal view reveals that the width of the head at 
the eyes, but not the ears, now exceeds the width of the 
yolk ball. The taper of the yolk extension is more prom- 
inent and meets the yolk ball without a sharp angle 
being present where the two regions of the yolk cell 
join, such as was present at earlier times. 

A ventral view shows that the mouth is open to the 
exterior (Fig. 40), but not gaping. It lies entirely behind 
the anterior limit of the eye at this stage. Precartilage 
condensations are distinctive in the mandibular and 
hyoid arches, and short stretches of differentiating car- 
tilage cells can be identified in these arches as well, 
particularly in Meckel's cartilage and the ceratohyal 
cartilage. Jaws muscles are also differentiating. The 
earliest mesenchymal precartilage condensations now 
appear in the first one or two branchial arches (pha- 
ryngeal arches 3 and 4), but probably distinctive car- 
tilage cells are not yet present in this region. The ru- 
diments of the gill filaments now appear as shallow 
buds along the posterior surfaces of the anterior gill 
arches. 

A partition is forming in the otic vesicle that will 
separate two otolith-containing chambers, ventral to 
the more well-formed semicircular canals. In a side 
view with the dissecting microscope the gut tract can 
now be visualized along part, but typically not all, of its 
length. A lumen appears within the hindgut. 

Pigmentation of the retina is now so dense that, us- 
ing transmitted illumination, its opacity nearly hides 
the lens. Iridophores in the eye fill out a rather com- 
plete brightly reflective ring around the lens (e.g., Fig. 
39G). Other reflective regions occur outside of the ring, 
mostly as contiguous patches of cells rather than as 
scattered individual cells. 

On the trunk and tail, up to about ten melanophores 
occupy each lateral stripe (Fig. 39C). Where the dorsal 
stripe is bilateral, in the posterior trunk and anterior 
tail, the melanophores now neatly flank reflective iri- 
dophores present in the midline. Bilateral patches of 
reflectivity, the lateral patches, also have formed on 
the dorsal yolk sac, just to either side of the median 
black patch marking the location of the developing 
swim bladder. A few scattered iridophores appear 
elsewhere on the yolk sac, but only variably in a 
distinctive ventral median row that accompanies the 
melanophore yolk stripe at the same location. 
Xanthophore development continues, producing a 
rich yellow color on the head, and a still somewhat 
paler yellow cast to the dorsal trunk and tail (Fie 
39C). 6 ' 

The heart is prominent, beating strongly, and full of 
circulating blood. Blood flows in all of the aortic arches 
and through the subclavian loop. The common cardinal 




* 9 fPPearance of the derthrum, the first easily visible bone, 

marks the end of embryogenesis. Left-side Nomarski view, dorsal to the 
top, anterior to the left at the protruding-mouth stage (72 h). The clei- 
tnrum, forming as a transversely oriented rod of dermal acellular bone is 
n^K n T! in StfUCture and refracti,e in appearance. The granular 

S^JS^ ' S , f°J n *" fiG,d * view t0 the W P^nor to the 
cleithrum and dorsal to the yolk sac. Scale bar = 50 pm 



vein no longer has a fan-shape, but remains narrow 
along its length, as it takes a direct course, anterior to 
most of the yolk, toward the heart. 

Most dechorionated embryos now rest in a dorsal-up 
attitude and nearly always finish a bout of swimming 
in this attitude. The contractions during the escape 
response occur so rapidly that one cannot resolve them 
by eye. 

Protruding-mouth stage (72 h). At this stage EL 
- 3.5 mm, HTA = 25°. The mouth is wide open and it 
protrudes anteriorly just beyond the eye. 

The blade of the pectoral fin continues to expand, 
now extending posteriorly over most of the length of 
the diminishing yolk ball (Fig. 39F). 

With Nomarski optics one can see gill slits and prom- 
inent buds of developing gill filaments (Fig. 42A), 
sometimes including a blood vessel that carries circu- 
lating blood. Cartilage cells are distinctive in branchial 
arches 12 (Fig. 42B) and 5 (Fig. 42C) but not in bran- 
chial arches 3 and 4. The primordium of the operculum 
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extends posteriorly to cover the first or even the second 
branchial arch. The first visible bone in the zebrafish, 
the transversely oriented cleithrum (Fig. 43) now ap- 
pears, superficial to, and at the boundary between the 
first two myotomes. At this location, posterior to the 
otic vesicle and last pharyngeal arch, it extends ven- 
trally into the pectoral region, where it serves as an 
anchor of the pectoral fin girdle. Nomarski optics are 
required to see it at this stage; in the young larva it 
becomes more prominent. Histological, sectioning 
shows that the cleithrum is lined with osteoblasts, but 
these bone-forming cells are not easily visualized in the 
living embryo. 

A side view with the dissecting microscope now re- 
veals the whole length of the gut tract behind the phar- 
ynx. 

Melanin accumulates in the patch overlying the 
swim bladder rudiment, making this region very dis- 
tinctively darkened. Iridophore coverage of the eye has 
expanded to more than half its surface, except for ra- 
dial stripes, where black melanin shows between the 
golden patches. Iridophores accompany each of the mel- 
anophore stripes, including the yolk stripe. Shortly, the 
latter will become a rather solid reflective band. The 
yellow cast of the whole dorsal aspect of the body has 
increased, so that the hue of the trunk now matches 
that of the head. 

Circulation in the pharyngeal arch region is becom- 
ing more complex with the advent of gill filament de- 
velopment. A subintestinal vein (Reib, 1973) is vari- 
ably present, ventral to the gut tract. 

EARLY LARVAL PERIOD 

By day 3 the hatched larva has completed most of its 
morphogenesis, and it continues to grow rapidly. Prom- 
inent changes during the next day include the inflation 
of the swim bladder and the continued anterior-dorsal 
protrusion of the mouth (Fig. 39G,H). During the same 
time the reflective strips of iridophores brighten and 
lengthen, the ventral yolk band extending in both di- 
rections. The gut tube drops more ventrally, where it 
can be seen more easily, and the yolk extension nearly 
empties. Whereas during the hatching period the em- 
bryo is usually at rest, the early larva gradually begins 
to swim about actively, and moves its jaws, opercular 
flaps, pectoral fins, and eyes. These developments pro- 
duce swift escape responses and herald respiration, the 
seeking of prey, and feeding. 
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GLOSSARY 

actinotrichia unsegmented collagenous fin rays of 
the embryo and early larva, replaced later by the 
lepidotrichia, the definitive segmented bony fin rays 
adaxial paraxial mesoderm subregion developing 

just adjacent to the chorda mesoderm 
animal pole location on the egg where the polar 
bodies emerge, corresponding to the point of fertili- 
zation in fish like zebrafish, just below where the 
sperm penetrates the chorion through the micropile 
(passageway) 

animal-vegetal axis a line passing through the 
animal and vegetal poles of the embryo before the 
end of epiboly 
anterior toward the front (or head) 
anterior horn the distinctive anterior region of 
the ventral stripe of melanophores, developing be- 
tween the ear and eye 
anterior-posterior ( AP) axis the principal axis of 
the embryo, here synonymous with rostrocaudal axis 
and embryonic axis 
anterior posterior cardinal vein see cardinal 
vein 

aorta see dorsal aorta 

aortic arch artery leading from the ventral aorta 
to the paired radix (root) of the dorsal aorta, or, for 
the first two arches, to the internal carotid artery; an 
aortic arch develops in all but the most posterior of 
the seven pharyngeal arches, and the last four will 
carry the blood supply to and from the gills 
AP anterior-posterior 

atrium heart chamber collecting venous blood 
from the sinus venosus and delivering it to the ven- 
tricle; generates the first of each (doubled) heartbeat 
axial hypoblast hypoblast that consists of meso- 
dermal and probably endodermal precursor cells de- 
veloping in the dorsal midline; includes prechordal 
plate and chorda mesoderm 
axial vein unpaired vein in the caudal trunk lead- 
ing from the caudal vein and to the left and right 
posterior cardinal veins 
axis a line, or alternatively shorthand for the an- 
terior-posterior or embryonic axis 
bauplan hypothetical basic or ancestral blueprint 
for developmental patterning, most often used with 
reference to the whole embryo pattern at the phylo- 
typic stage 

blastoderm cellular part of the embryo, excluding 
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the yolk cell, derived from the blastodisc by early 
morphogenesis; refers particularly to the time when 
the cell array is sheet-like, between 30%-epiboly and 
the end of gastrulation 

blastodisc (-disk) dome of cytoplasm (disk-like in 
the case of larger teleost eggs such as Fundulus and 
Salmo) that segregates from the yolk toward the an- 
imal pole during and after the one cell-stage, and 
which undergoes cleavage 

blastomere a cell arising during cleavage; the 
term encompasses the partially cleaved, incomplete 
"cells" at the blastodisc margin before they collec- 
tively form the yolk syncytial layer in the midblas- 
tula 

blastula classically the single-layered hollow ball 
of cells formed by cleavage in organisms that show 
this developmental style; here used to mean a ste- 
reoblastula, not hollowed-out, and as a descriptor for 
the period of development when the blastodisc begins 
to look ball-like, at the 128-cell stage through the 
time of onset of gastrulation 
blood island nest of developing blood cells arising 
late in the segmentation period from the intermedi- 
ate mass, and located in the anterior-ventral tail, 
just posterior to the yolk extension 
Bracket's cleft the visible division between epi- 

blast and hypoblast in the gastrula 
branchial arch gill arch; the last five of the set of 
seven pharyngeal arches; the numbering system can 
be confusing; generally branchial arch 1 is the first 
gill arch, or the third pharyngeal arch, but some au- 
thors do not follow this convention 
cardinal vein bilaterally paired longitudinial 
vein; the anterior cardinal returns blood from the 
head, and the posterior cardinal returns it from the 
trunk; these two vessels join together on each side as 
the common cardinal vein (duct of Cuvier; misnamed 
the vitelline vein) that leads across the yolk cell to 
the heart's sinus venosus 
carotid artery see internal carotid artery 
caudal pertaining to the tail, or the posterior di- 
rection 

caudal artery extension of the dorsal aorta in the 
tail 

caudal vein vein in the tail returning blood from 
the trunk and tail to the heart, leads directly into the 
axial vein in the posterior trunk 

central canal fluid-filled narrow cavity in the spi- 
nal cord 

central nervous system the brain and spinal cord 
ceratobranchial cartilage cartilaginous element 

present in a branchial arch at the end of embryogen- 

esis; other cartilages will form in these arches later 

in the young larva 
ceratohyal cartilage massive ventral cartilage of 

the hyoid arch, generally supposed to be serially ho- 

CSC Z^l v cerat « branchi al cartilages, and per- 
haps to Meckel's cartilage 

cerebellum specialized brain region derived from 



the dorsal metencephalon (anterior hindbrain, and 
perhaps including posterior midbrain) and becoming 
distinctive late in the segmentation period 
chondrocranium the initially cartilaginous re- 
gion of the skull that eventually surrounds the brain 
and forms capsules over the sensory organs, in- 
cluding the olfactory organ, eye, and ear; distinct 
from the dermatocranium (skull bones forming 
without cartilage models, and mostly after embryo- 
genesis) and the splanchnocranium (the portion of 
the head skeleton developing from the pharyngeal 
arches) 

chorda mesoderm the notochord rudiment 
chorion the egg shell 

cleavage an early mitotic cell division occurring in 
the blastodisc, special in that the cell cycles are short 
m length, are not accompanied by cell growth during 
interphase, and occur synchronously or metasyn- 
chronously with other cleavages of the same number; 
in the staging series, the cleavage period refers to the 
period of development encompassing the first six zy- 
gotic cell cycles 
cleithrum transversely oriented bone connecting 
the occipital region of the skull dorsally and pectoral 
girdle ventrally; appears near the end of embryoeen- 
esis 

coelom (coelomic cavity) fluid-filled mesoder- 
mally lined cavity separating visceral organs includ- 
ing the heart from the body wall 
common cardinal vein see cardinal vein 
conus (bulbus) arteriosus muscular heart region 

leading blood out of the heart to the ventral aorta 
convergence deep cell movement toward the dor- 
sal side of the embryo during the gastrula and early 
segmentation periods 
deep cell a cell in the the blastodisc (first at the 
64-cell stage) or blastoderm that is completely cov- 
ered over by other cells, the outermost being cells of 
the enveloping layer 
deep cell layer (DEL) a multilayer of deep cells of 
fairly uniform thickness that forms during early epi- 
boly (at dome stage; upon conversion of the blastodisc 
to the blastoderm); during gastrulation the DEL 
gives rise to the epiblast and hypoblast 
DEL deep cell layer 

diencephalon the more posterior and ventral of 
two forebrain neuromeres, the other being the telen- 
cephalon; major derivatives are the eye cups, the 
brain pretectal region, the thalamus, hypothalamus, 
and epithalamus (including the habenula and epi- 
physis) 

dorsal toward the back (the side opposite to the 
belly) 

dorsal aorta principal unpaired, median artery of 
the trunk, leading from the paired roots (radices) of 
the dorsal aorta to the caudal artery 
dorsal stripe longitudinal arrangement of melan- 
ophores along the dorsal side of the embryo, under- 
lying the median fin fold; the cells lie in the midline 
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in the anterior trunk and tail, and are present bilat- 
erally in the head and posterior trunk 

d T a l* V w tr !!. (d u°Tf oventral > axis passing from 
the back to the belly; within a sagittal plane and at 
right angles to the anterior-posterior axis 

duct of Cuvier see cardinal vein 

EL embryo length 

embryo length (EL) at any stage the embryo's 
longest linear dimension 

embryonic axis see anterior-posterior axis 

endothelium epithelial lining of any blood vessel 
including the heart 

enveloping layer (EVL) outermost monolayer of 
cells surrounding the embryo that become very flat- 
tened in the blastula and give rise to the periderm 

epaxial muscle somite-derived body wall mus- 
cle present dorsal to the horizontal myoseptum 

epiblast the outer of the two layers of the blasto- 
derm that form during gastrulation, corresponding 
to primitive ectoderm during gastrulation and to the 
definitive ectoderm after gastrulation 
CP vc? Iy j the ^ innin S and spreading of both the 
,, and the blastoderm over and across the yolk 
cell, eventually encompassing the yolk cell com- 
pletely; epiboly begins at dome stage, converts the 
blastodisc to the blastoderm, and is considered to 
be over when the yolk plug closes over (at 100%- 

epiboly) 

epiphysis a circumscribed swelling, includes the 
mneal pnmordium that appears late in the segmen- 

atolT ' n 4116 d0rSal mid,ine ° f the dience P h " 

epithelium a compact and sheet-like arrangement 
of cells, polarized with the apical surface to one side 
(primitively the outside) and the basal surface to the 
other 

evacuation zone the anterior-ventral region of 
the mid and late gastrula that becomes cell-poor, as 
cells leave by both epiboly and convergence 

*. VL enveloping layer 

extension lengthening of the embryonic axis, prin- 
cipally by deep cell repacking (by intercalations) 
and occurring during the gastrula and early segmen- 
tation periods 

eX , tern ^r y °l k sync y tial ,aver (E-YSL) portion of 
the YSL that is outside of the blastoderm margin 
during epiboly s 

extraembryonic making no direct cellular contri- 
bution to the body of the embryo 

E-YSL external yolk syncytial layer 

face view side view along the odd-numbered cleav- 
age planes during the cleavage or blastula periods 

late map map at a early developmental stage (here 
at gastrula onset) of what cells normally will become 
tm fold the rudiment of the median unpaired fins 
appearing in the late segmentation period, promi- 
nent throughout the rest of embryogenesis 
forebrain the most anterior region in the brain in- 
cluding both the telencephalon and diencephalon- we 
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have not observed an early transient stage when the 
forebrain is distinguished from the midbrain but has 
not subdivided that would correspond to the prosen- 
cephalon in tetrapods 
''Or*** dually a postblastula stage in which 
an archenteron (primitive gut or gastrocoele) forms 
by invagination or involution of cells through a blas- 
topore and when the germ layers and embryonic axis 
appear; the zebrafish forms neither an archenteron 
nor a blastopore, and here the term refers to the 
roughly equivalent period of development, beginning 
at the onset of involution (at the 50%-epiboly stage) 
Aat produces the two primary germ layers, the epi- 
blast and hypoblast, and during which the definitive 
embryonic axis forms by convergence and extension 
movements 

^iSiod 8 * 1011 mor P h °e enesis during the gastrula 

*Mh£t i° ne ? th o C SUb8et 0f P ha ^geal arches 
(pharyngeal arches 3-6, or branchial arches 1-4) 
that will develop gills 
gill filament branched region of the gill where res- 
piratory exchange takes place 
hair cell specialized neuronal receptor cell of the 
lateral line and acousticc-vestibular systems 

i T^f 5 3 transvers *ly oriented set of cells 

located deep to the EVL on the pericardial mem- 
brane especially prominent during pharyngula pe- 
riod because of the brightly refractile cytoplasmic 
granules (containing hatching enzymes) of the prin- 
cipal cells of the gland P 

angle between the head axis (a line through the mid- 
dle of the ear and eye) and the trunk axis (a line 
para lei to the long axis of the notochord at about 
somites 5—10 

hindbrain the most posterior of the three principle 
regions of the brain, forming the rhombencephalon 
and all or most of the metencephalon 
horizontal during cleavage and blastula periods a 
plane perpendicular to the animal-vegetal axis- 
later a longitudinal plane parallel to the embryonic 
axis and perpendicular to the dorsal-ventral axis 
i.e., at right angles to both transverse and sagittal' 
planes 

horizontal myoseptum a connective tissue parti- 
tion developing at the apex of the chevron-shaped 
myotome and separating dorsal (epaxial) and ventral 
(hypaxial) body wall muscle masses 
HTA head-trunk angle 

^J!"*! the J second Pharyngeal arch, forming 
the jaw m secondaj y supportive elements of 

hyosymplectic Otomandibular, epihyal) cartilage 

the dorsal cartilage forming in the hyoid arch 
hypaxial muscle somite-derived body wall muscle 

present ventral to the horizontal myoseptum 
hypoblast (mesendoderm) the inner of the two 
layers of the blastoderm that forms during gastrula- 
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tion and gives rise to the definitive mesoderm and 
endoderm 

hypothalamus a specialized brain region of the 
ventral diencephalon arising near the end of the seg- 
mentation period; the embryonic hypothalamic re- 
gion will give rise to the posterior pituitary gland as 
well as a number of brain nuclei 

incomplete cleavage see meroblastic cleavage 

intermediate mass the very early blood rudiment 
located deep to the somites in the posterior trunk at 
a stage before the blood cells collect into the (more 
prominent) blood island 

internal carotid artery artery originating at the 
junction of the first two aortic arches and supplying 
the anterior brain 

internal yolk syncytial layer (I- YSL) the portion 
of the YSL that lies deep to the blastoderm during 
epiboly 

involution deep cell movement at the blastoderm 
margin in which the DEL folds inward and back 
upon itself, producing the germ ring and its two pri- 
mary germ layers, the epiblast and hypoblast 

iridophore reflective pigment cell 

I- YSL internal yolk syncytial layer 

keel see neural keel 

Kupffer's vesicle small but distinctive epithelial 
sac containing fluid, located midventrally posterior 
to the yolk cell or its extension, and transiently 
present during most of the segmentation period 

lateral away from the midline 

lateral patch a prominent collection of iridophores 
on the dorsolateral yolk sac flanking the position of 
the developing swim bladder 

lateral stripe melanophore stripe along the hori- 
zontal myosepta 

lens placode ectodermal primordium of the lens of 
the eye 

mandibular arch first (most anterior) pharyngeal 
arch, forming the principal elements of the jaw of the 
early larva 

mandibular cartilage see Meckel's cartilage 

marginal blastomere cell (incompletely cleaved 
before the YSL forms), located in the surface layer 
(E VL) just at the rim of the blastodisc 

MBT midblastula transition 

Meckel's (mandibular) cartilage ventral carti- 
lage of the mandibular arch forming the principal 
support of the (lower) jaw 

medial toward the midline 

median at the midline 

mediolateral horizontal axis oriented perpendicu- 
lar to both the anterior-posterior and dorsal-ventral 
axes 

mediolateral intercalation ordered cellular re- 
packing along the mediolateral axis brought about 
by interdigitations of deep cells during the gastrula 
and early segmentation periods; produces conver- 
gence and extension 



melanophore (melanocyte) a neural crest-de- 
rived cell containing black melanin pigment 
meroblastic (incomplete) cleavage cell division 
• in which sister cells are only partially separated 
from one another by cytokinesis; includes all of the 
early cleavages, and also occurs along the blastodisc 
margin in the late cleavage and early blastula peri- 
ods 

mesencephalon see midbrain 

mesenchyme a mesh-like cell arrangement, less 
compact than an epithelium 

mesendodenn see hypoblast 

metasynchronous occurring in a nearly synchro- 
nous wave 

metencephalon brain region in the neighborhood 
of the first rhombomere; gives rise to structures in- 
cluding the fourth cranial (troclear) motor nucleus, 
the cerebellum dorsally, and the interpeduncular nu- 
cleus ventrally 

midblastula transition (MBT) the time of in- 
crease in cell cycle length above the rapid rate char- 
acterizing the cleavage period, beginning at the 
tenth zygotic cycle; at the MBT cells also begin to 
divide less synchronously, and motility and zygotic 
transcription are first observed 

midbrain (mesencephalon) the brain region be- 
tween the forebrain anteriorly and the hindbrain 
posteriorly, including the tectum dorsally and the 
midbrain tegmentum ventrally 

midsagittal plane the plane of bilateral symme- 
try, located at the midline 

myomere see myotome 

myotome portion of the somite giving rise to body 
wall muscle masses 

neural crest a cell population arising from the dor- 
solateral aspect of the central nervous system pri- 
mordium during the segmentation period, and later 
migrating along stereotyped pathways to give rise to 
a diverse and well-defined set of cell types including 
pigment cells, peripheral neurons and glia, and head 
cartilage 

neural groove a midsagittal depression on the 
surface of the anterior neural plate present during 
the early segmentation period 

neural keel an intermediate stage (between the 
neural plate and neural rod) during the early seg- 
mentation period in the morphogenesis of the central 
nervous system primordium; the keel is roughly tri- 
angular shaped in cross section 

neural plate the earliest recognizeable dorsal ec- 
todermal primordium of the central nervous system 
present near the end of gastrulation before infolding 
to form the neural keel; consists of a thickened pseu- 
dostratified epithelium 

neural retina the sensory retinal epithelium, de- 
veloping from the inner layer of the optic cup; the 
neural retina forms prominent sublayers during the 
hatching period, including the inner ganglion cell 



layer, interneuronal layers, and the outer layer of 
photoreceptor cells just deep to the retinal piglenf 

Zt,T ^vity-containing primordium of the 
roa in the late segmentation period 

"TS"-'^, * bn,i " "•«*» recognized mor 
„f.k v rod - llte principal supportive element 

■wiT ° < "?"' 1 tube ' aad '"HerentiatinE dur' 

prindpHeTandT ""^ 1 • 6 ™ ^ e 
LSXSh 8l ™»»*»8 «>in epithelial no. 

rounding otic veSe * chondrocra ^ «ur- 

0< Jo^K°?, e . primonliumof the ear epithelium be- 

^ a de -ce or in- 

dex defined as the number of additional otic vesicles 
that could be fit i„ between the otic vesicle aTd t he 

0t ?hft bri ? htly refracti,e ^tone-like organ within 
two fo™^ P ° Siti0ned over a ^nso^ma Sa 
£ JS? ^ VeS,de durin ^ the ^ Sgmenta-' 

OVL otic vesicle length 

palatoquadrate see quadrate 
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ing to the anal region where it empties separately 
from, and just posterior to the anus 

pronephros embryonic kidney, present at the 
level of the third somite 

prosencephalon see forebrain 

quadrate (palatoquadrate) the dorsal cartilage 
(later ossifying) of the first pharyngeal arch forming 
the main part of the upper jaw skeleton and lateral 
part of the larval palate 

radial intercalation ordered cellular repacking 
among deep cells of the deep and shallow regions of 
the blastodisc, effecting epiboly and producing a uni- 
formly thin blastoderm; begins during the late bias- 
tula period, and perhaps continues during gastrula- 
tion 

reticular cell see tail reticular cell 

retina the portion of the eye developing from the 
optic primordium and including the neural retina 
and the retinal pigment layer 

retinal pigment layer (tapetum) a monolayer of 
pigmented epithelium covering the neural retina; de- 
velops from the outer of the two layers of the optic 
cup 

rhombencephalon hindbrain, or the division of 

the hindbrain posterior to the metencephalon and 

anterior to the spinal cord 
rhombomere hindbrain segment or neuromere 
Rohon-Beard neuron a primary sensory neuron 

present in the dorsal spinal cord of the embryo and 

early larva 

rostral toward the head, for the zebrafish embryo 
synonymous with anterior 

rostral-caudal (rostrocaudal) axis here synony- 
mous with anterior-posterior axis 

sagittal a plane parallel to the plane of bilateral 
symmetry 

sclerotome medial ventral region of the somite 

that will form vertebral cartilages 
segmental artery artery leading from the dorsal 

aorta or caudal artery to the spinal cord; the arteries 

alternate in adjacent segments with segmental veins 
segmental plate unsegmented field of paraxial 

mesoderm present posterior to the somite file, from 

which somites will form 
segmental vein vein leading from the spinal cord 

to Hie caudal vein, axial vein, or posterior cardinal 

segmentation a repetition of elements, particu- 

XSS^ f pment brtwecn the gastrula and 

Sh ^u^T heart / e ^ on Electing blood from 
£e S C ° mm0n Cardinal VeinS and Bering to 

somite undifferentiated mesodermal component of 
an early trunk or tail segment or metameTderiLd 
fi» i paraxial mesoderm; forms the my£om e ^ sdero 
tome, and perhaps dermatome 

stereoblastula see blastula 



artery supplying the pectoral 



subclavian artery 

fin 

subclavian vein vein returning blood from the 

pectoral fin to the cardinal system 
tail reticular cell cell lining the vascular channel 
network in the posterior and ventral tail that con- 
nects between the caudal artery and vein, apparently 
specialized for phagocytic clearing of the blood 
tectum see optic tectum 

telencephalon the anterior and dorsal forebrain 

neuromere, includes the olfactory bulb 
tier arrangement of blastomeres horizontal 
rows of blastomeres as seen in a face view of the 
embryo during the cleavage and blastula periods- 
tiers are counted between the blastodisc margin and 
the animal pole as a staging aid 
trigeminal ganglion a prominent collection of 
touch-sensory neurons of the trigeminal or fifth cra- 
nial nerve, positioned beside the brain between the 
eye and the ear 
trigeminal placode the ectodermal rudiment of 
the trigeminal ganglion, distinguishable durine 
much of the segmentation period 
vegetal pole location on the egg opposite to the 
'"T 13 !?£ ' corresponding later to the point on the 
yolk cell furthest from the developing blastodisc 
ventral toward the belly (or yolk) 
ventral aorta outflow artery from the heart to the 
aortic arches 

ventral stripe melanophore stripe just ventral to 
the myotomes 

"T*"? \ ? uM - filted brai " cavity; alternatively a 
heart chamber collecting venous blood from the 
atrium and delivering it to the conus arteriosus; the 
ventncle mediates the second and major component 
of each (doubled) heartbeat 
vertical here meaning a plane parallel to the ani- 
mal-vegetal axis during the cleavage and blastula 
periods 

visceral pertaining to the gut or endoderm or 

splanchnic mesoderm associated with endoderm 
visceral arch see pharyngeal arch 
vitelline vein see cardinal vein 
xanthophore a neural crest-derived cell pig- 
mented yellow 

yolk nutrient store for embryonic development in 
the form of semicrystalline phospholipoprotein and 
contained within yolk granules 
yolk ball the anterior round region of the yolk cell 
present after the yolk extension forms during the 
segmentation period 
yolk cell giant syncytial uncleaved cell containing 
the yolk; underlies the blastodisc early, and becomes 
enveloped by the blastoderm during epiboly 
yolk extension the posterior elongated region of 
the yolk cell that forms during the segmentation pe- 
riod 

yolk granule membrane-bounded sac, of the order 
of 50 ftm in diameter, containing yolk; yolk granules 
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are packed densely in the interior of the yolk cell, 

deep to its syncytial layer, and make up the great 

bulk of its total volume 
yolk plug the bit of yolk cell protruding beyond the 

blastoderm margin in the late gastrula before epi- 

boly is complete 
yolk stripe a late-forming melanophore stripe 

along the median ventral aspect of the yolk ball and 

particularly the yolk extension 
yolk syncytial layer (YSL) peripheral layer of the 

yolk cell including nuclei and nonyolky cytoplasm 
YSL yolk syncytial layer 

zygote the fertilized egg, defining in the series the 
period between fertilization and the end of the first 
cleavage 
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